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Introduction

Osteoarthritis (OA) is a type of degenerative arthritis that limits daily activity and 
quality of life for more than 10% of the people worldwide [1]. Besides aging as 
the most leading factor for OA, obesity, injury, overloading and inflammation 
also contribute to its development. These different factors may result in different 
pathological mechanisms thereby making therapeutic strategies more challenging 
[2]. All tissues of the joint including articular cartilage, bone, synovium, tendons, and 
ligaments are influenced by OA progression [3]. OA patients experience different 
stages of disease progressing from a pre-OA to early and eventually end-stage OA 
[4]. Irreversible structural damage is mainly detectable in the progressed stages of 
OA at tissue level, while early degradations are initiated at a small molecular-scale 
from the pre-OA stage. This underscores the importance of detecting the early signs 
of pre-OA especially on a molecular-scale [5, 6]. Having a better insight into the 
mechanisms of OA pathology is a key to better diagnostic strategies and improved 
therapies.

Articular cartilage is a highly specialized load-bearing tissue that reduces friction 
and distributes forces over the underlying bone. Articular cartilage has a hierarchical 
structural architecture which mainly consists of proteins and polysaccharides such 
as type II collagen and proteoglycans that make up the extracellular matrix (ECM), 
and chondrocytes [3]. Chondrocytes are responsible for tissue homeostasis, which 
is an outcome of a series of phenomena that exists in the cartilage matrix [7]. Since 
cartilage biomechanical properties are determined by the biochemical composition 
and structural arrangement of its ECM, changes in its components are an important 
indicator of cartilage health [8]. It is generally assumed that chondrocytes respond 
to the repetitive moderate mechanical loading of the joint with the synthesis of 
proteoglycans that have disaccharide units (glycosaminoglycans) containing 
negatively charged sulphate groups, thereby providing more osmotic pressure 
due to water uptake, and thus, more pre-stress of the collagen network and 
higher apparent elastic modulus [8-10]. The amount, duration and magnitude of 
mechanical cues are important factors that regulate development and physiological 
condition of cartilage tissue throughout life, highlighting the importance of cartilage 
mechanobiology [11, 12].

Outline and research questions 

The overall aim of this thesis is to gain more insight regarding the mechanobiology 
of articular cartilage through capturing the mechanical balance of the cartilage 
network. This improves our knowledge about natural changes leading to cartilage 
degradation and understanding the disease processes involved in initiation and 
progression of osteoarthritis. We conducted detailed studies on the relationship 
between the mechanical properties of cartilage and changes that occur in its 
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components as a consequence of both activity level and advanced glycation that 
often occurs during ageing.

The specific aims of this dissertation can be categorized in three parts. The first 
part consists of methodological approaches in order to measure micro- and nano-
scale mechanical characteristics of cartilage and biological materials for cartilage 
tissue repair (Chapter 4, 5, 6). The general research question in this section is how 
we can properly obtain the elasticity of cartilage from a macroscopic tissue level 
down to the molecular nanometer-scale level. Subsequently we questioned what is 
the individual mechanical role of each component in the cartilage matrix and how 
do they contribute to the mechanical integrity of the whole tissue? In the second 
part of the thesis, adaptation of the knee joint to changes in mechanical demands 
is investigated in an in vivo experiment (Chapter 7). In this chapter, the effect of 
various physical exercises on the whole joint is evaluated to answer how both 
cartilage and bone deal with loading and respond to deformation and how this 
might affect the development of pre-OA. The last part is focused on the effect of age-
related changes on the cartilage components as a result of non-enzymatic glycation 
(Chapter 8, 9). We investigated the changes in the local elastic modulus of each 
cartilage constituent caused by glycation and how can osmotic induced shrinking 
or expanding modulate the susceptibility of collagen fibers to advanced glycation.

The detail research questions per each chapter are described as below:

Chapter 2: What are the differences between healthy and diseased cartilage, e.g. Osteoarthritis, 
in terms of physical and mechanical properties?

Diagnosis or treatment of osteoarthritis associated with cartilage degeneration 
cannot be achieved without having a broad picture of the main pathways leading 
to such a life-altering disorder [1, 13]. Therefore, this review constitutes a general 
overview of both healthy and degenerated knee joints from biological, physical and 
mechanical viewpoints at different length scales. 

Chapter 3: How can indentation data be interpreted and what are the best analytical 
relationships according to the applied indentation protocol?

The mechanical properties of cartilage are fully determined by the composition of its 
components and any alterations in their mechanical response can be an indication of 
abnormality or disease [14]. Indeed, several studies have shown that the mechanical 
properties of healthy and diseased tissue are very different [5, 15]. Therefore, 
precise mechanical characterization of cartilage is particularly helpful to elucidate 
the processes that underlay the development of OA. Best methods to capture the 
cartilage elastic modulus, are non-invasive indentation techniques [16, 17]. In this 
review chapter, we discussed theoretical concepts and required analytical methods 
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for biological materials in order to estimate the mechanical properties based on the 
indentation force and displacement data. 

Chapter 4: What are the nano-scale mechanical properties of copolymeric microspheres used 
for OA treatment?

Polymeric microspheres can be used as an important drug delivery system with 
tailored release rate, which can be employed in OA treatment. Mechanical properties 
of the microspheres not only influence their performance (release profile), but they 
are also important for their host tissue, since they are in close contact with the 
adjacent tissue, in this case cartilage surfaces [18, 19]. In this chapter, we studied the 
nano-scale elastic modulus of co-polymeric microspheres composed of hydrophilic 
multi-block copolymers with different sizes in the dry and swollen state using 
indentation type atomic force microscopy (IT-AFM). 

Chapter 5: What is the mechanical behavior of osteoarthritic cartilage tissue at different 
swelling conditions? Can these parameters (disease severity and solution tonicity) provide 
clues to the contribution of each cartilage component to the histogram of the nano-stiffness 
obtained by IT-AFM? 

The mechanical properties of the cartilage tissue depend on the amount and quality 
of its components, mainly the collagen and the sulphated glycosaminoglycans 
(GAGs) as well as water. Osteoarthritic cartilage tissues show different swelling 
characteristics due to different negatively charged GAG content and subsequently 
different resultant pretension on collagen fibers. Knowledge of pre-tension and 
stiffness of the different components can provide information on collagen damage 
[8, 20]. In this work, we provide an insight into the mechanical response of human 
osteoarthritis articular cartilage using indentation experiments. To discover the 
cartilage’s mechanical response, we took two factors into account: ionic strength 
(tonicity) and severity of the disease. This could potentially enhance understanding 
the mechanical behavior of the cartilage tissue from molecular (AFM) to tissue 
levels (nano-indenter).

Chapter 6: How to perform a consistent and reproducible micro-indentation experiment on 
cartilage? 

Although indentation-based experiments provide the opportunity for measuring 
the mechanical properties of articular cartilage, interpretation of the results is often 
more difficult. On the one hand, reproducibility and variability of the indentation 
tests, and on the other hand topographical variation of the top zone of cartilage 
tissue may lead to large variability in the measured outcomes [21-23]. In this study 
we provide guidelines for making an appropriate set of micro-indentation tests 
that could be used to characterize the mechanical properties of the surface layer of 
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articular cartilage by taking several factors into account: indenter size, indentation 
depth, number of measurements, spatial variations, and location-dependent effect 
within and outside of a fixed frame of cartilage tissue.

Chapter 7: How does the knee joint adapt to mechanical demands? What is a healthy 
physiological stress and corresponding activity level and does overloading predispose to 
pre-OA? Are there differences between the reactions of cartilage and bone to experienced 
loading?

Early changes in the bone and cartilage tissue characteristics not only play an 
important role in diagnosis of OA, but may also provide an early healing opportunity 
[24]. Designing animal models to study pre-OA is, however, challenging due to the 
transient nature of the disease at this stage. The degree of disruption induced in the 
physiological state of the joint should be severe enough to initiate cell and tissue 
responses normally seen during pre-OA but not too severe so that substantial and 
permanent damage to the cartilage matrix is avoided [4, 12, 25]. In this study, we 
aimed to design different running models proceeding to early stage OA in rats. In 
this approach, we applied load in the form of exercise and performed multitude 
of assays to investigate the response of cartilage and bone to this physical activity.      

Chapter 8: How does an osmotically-induced mechanical stress in collagen fibers alter their 
susceptibility to advanced glycation end products (AGEs)? 

One of the major gross changes that can be observed in ageing cartilage is the 
accumulation of non-enzymatic glycation [26, 27]. In order to mimic these age-
related cartilage changes, we can inject a chemical agent (pentose monosaccharide) 
that causes collagen cross-linking [28, 29]. Our general hypothesis for this chapter 
is based on the idea that collagen fibers can be protected against AGEs through 
modulating the amount of tension that they experience. For this propose, we 
evaluated the susceptibility of collagen fibers to L-threose (as a potential glycating 
agent) under various osmotic pressure regimes where they feel different pre-stress 
and obtain different 3D conformation.

Chapter 9: What is the effect of advanced glycation end products on the micro-stiffness, as 
well as nano-stiffness of each constitute of articular cartilage? 

Despite the pronounced impact of AGE accumulations on the cartilage brittleness 
at tissue level, detailed information concerning its molecular-scale effects on 
the cartilage components is missing [30, 31]. The overall aim of this study is to 
improve understanding of the effect of non-enzymatic glycation at both micro- and 
molecular levels in order to track the effect of AGEs on each cartilage component. 
We performed a study in which L-threose is used to induce AGEs in a rat model and 
we characterized the mechanical properties at both micro- and nano-scales.
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Figure 1. Thesis structure.

The relationship between the research questions and the chapters is illustrated in 
Fig. 1.

C
ar

til
ag

e 
m

ec
ha

no
bi

ol
og

y

Experimental 
study

Theoretical 
background

Advanced glycation effect 
(‘ageing’)

IT-AFM methodology: Nanomechanical
properties of copolymeric microspheres

Discovering cartilage components using nano
and micro-scales mechanical experiment in 

hyper and normal osmolalities

Chapter 6

Mechanical balance of the knee joint in 
response to different running protocols Chapter 7

Non-enzymatic crosslinkng under various 
osmotic conditions of hypo-, normal and 

hyper osmolalities

The effect of non-enzymatic crosslinkng
on cartilage nanomechanics Chapter 9

Biomechanical and diffusional properties of 
healthy and degenerated cartilage;(Review)

Analytical approach for interpretation
of indentation data; (Review)

Mechanical loading effect

Nano and micro-scales 
mechanical properties

The effects of spatial variation and indentation 
parameters on micro-scale elasticity

Chapter 2

Chapter 3

Chapter 8

Chapter 5

Part 1

Part 2

Part 3

Chapter 4



General introduction

17

1
References

1. Bertrand J, Cromme, C., Umlauf, D., Frank, S., Pap, T. Molecular mechanisms of 
cartilage remodelling in osteoarthritis. The international journal of biochemistry & cell 
biology. 2010;42(10):1594-601.

2. Roland W. Moskowitz RDA, Marc C. Hochberg, Joseph A. Buckwalter, Victor 
M. Goldberg. Osteoarthritis : diagnosis and medical/surgical management. Fourth ed. 
Philadelphia: Lippincott Williams and Wilkins; 2007.

3. Pearle AD, Warren RF, Rodeo SA. Basic science of articular cartilage and 
osteoarthritis. Clinics in sports medicine. 2005;24(1):1-12.

4. Ryd L, Brittberg M, Eriksson K, Jurvelin JS, Lindahl A, Marlovits S, et al. Pre-
osteoarthritis: Definition and diagnosis of an elusive clinical entity. Cartilage. 2015;6(3):156-
65.

5. Stolz M, Gottardi, R., Raiteri, R., Miot, S., Martin, I., Imer, R., Staufer, U., Raducanu, 
A., Duggelin, M., Baschong, W., Daniels, A. U., Friederich, N. F., Aszodi, A., Aebi, U. Early 
detection of aging cartilage and osteoarthritis in mice and patient samples using atomic force 
microscopy. Nature nanotechnology. 2009;4(3):186-92.

6. Chu CR, Williams AA, Coyle CH, Bowers ME. Early diagnosis to enable early 
treatment of pre-osteoarthritis. Arthritis research & therapy. 2012;14(3):212.

7. Hamann N, Zaucke F, Heilig J, Oberlander KD, Bruggemann GP, Niehoff A. Effect 
of different running modes on the morphological, biochemical, and mechanical properties of 
articular cartilage. Scandinavian journal of medicine & science in sports. 2014;24(1):179-88.

8. Maroudas AI. Balance between swelling pressure and collagen tension in normal 
and degenerate cartilage. Nature. 1976;260(5554):808-9.

9. Horkay F. Interactions of cartilage extracellular matrix macromolecules. Journal of 
polymer science Part B, Polymer physics. 2012;50(24):1699-705.

10. Parsons JR, Black J. Mechanical behavior of articular cartilage: quantitative changes 
with alteration of ionic environment. Journal of biomechanics. 1979;12(10):765-73.

11. Grodzinsky AJ, Levenston ME, Jin M, Frank EH. Cartilage tissue remodeling in 
response to mechanical forces. Annual review of biomedical engineering. 2000;2:691-713.

12. van Weeren PR, Firth EC, Brommer H, Hyttinen MM, Helminen AE, Rogers 
CW, et al. Early exercise advances the maturation of glycosaminoglycans and collagen 
in the extracellular matrix of articular cartilage in the horse. Equine veterinary journal. 
2008;40(2):128-35.

13. Ishiguro N. TK, Poole A.R. . Mechanism of cartilage destruction in osteoarthritis 
Nagoya journal of medical science. 2002;65:73-84.

14. Julkunen P. Relationships between structure, composition and function of articular 
cartilage. PhD. thesis. Kuopio: University of Kuopio; 2008.

15. Desrochers J, Amrein MW, Matyas JR. Viscoelasticity of the articular cartilage 
surface in early osteoarthritis. Osteoarthritis and cartilage. 2012;20(5):413-21.



Chapter 1

18

16. Kurland NE, Drira Z, Yadavalli VK. Measurement of nanomechanical properties of 
biomolecules using atomic force microscopy. Micron. 2012;43(2-3):116-28.

17. Lu XL, Mow VC. Biomechanics of articular cartilage and determination of material 
properties. Medicine and science in sports and exercise. 2008;40(2):193-9.

18. Mercade-Prieto R, Zhang Z. Mechanical characterization of microspheres - capsules, 
cells and beads: a review. Journal of microencapsulation. 2012;29(3):277-85.

19. Chan BP, Li CH, Au-Yeung KL, Sze KY, Ngan AH. A microplate compression 
method for elastic modulus measurement of soft and viscoelastic collagen microspheres. 
Annals of biomedical engineering. 2008;36(7):1254-67.

20. Basser P.J.  SR, Bank R.A., Wachtel E., Maroudas A. Mechanical properties of the 
collagen network in human articular cartilage as measured by osmotic stress technique. 
Archives of biochemistry and biophysics 1998;351:207-19.

21. Bae WC, Lewis CW, Levenston ME, Sah RL. Indentation testing of human articular 
cartilage: effects of probe tip geometry and indentation depth on intra-tissue strain. Journal 
of biomechanics. 2006;39(6):1039-47.

22. Jukka S. Jurvelin JPAA, Ernst B. Hunziker, Heikki J. Helminen. Topographical 
variation of the elastic properties of articular cartilage in the canine knee. Journal of 
biomechanics. 2000;33:669-75.

23. Sotcheadt Sim IH, Martin Garon, Eric Quenneville, Michael D. Buschmann. 
Relevance of the spatial distribution pattern of mechanical properties of articular cartilage in 
animal studies. ORS 2015 annual meeting. 2015.

24. Chu CR, Millis MB, Olson SA. Osteoarthritis: from palliation to prevention: AOA 
critical issues. The journal of bone and joint surgery american volume. 2014;96(15):e130.

25. Knecht S, Vanwanseele B, Stussi E. A review on the mechanical quality of 
articular cartilage - implications for the diagnosis of osteoarthritis. Clinical biomechanics. 
2006;21(10):999-1012.

26. Li Y, Wei X, Zhou J, Wei L. The age-related changes in cartilage and osteoarthritis. 
BioMed research international. 2013;2013:916530.

27. Saudek DM, Kay J. Advanced glycation endproducts and osteoarthritis. Current 
rheumatology reports. 2003;5(1):33-40.

28. Chen AC, Temple MM, Ng DM, Verzijl N, DeGroot J, TeKoppele JM, et al. Induction 
of advanced glycation end products and alterations of the tensile properties of articular 
cartilage. Arthritis and rheumatism. 2002;46(12):3212-7.

29. DeGroot J, Verzijl N, Jacobs KM, Budde M, Bank RA, Bijlsma JW, et al. Accumulation 
of advanced glycation endproducts reduces chondrocyte-mediated extracellular matrix 
turnover in human articular cartilage. Osteoarthritis and cartilage. 2001;9(8):720-6.

30. Verzijl N, DeGroot J, Ben ZC, Brau-Benjamin O, Maroudas A, Bank RA, et al. 
Crosslinking by advanced glycation end products increases the stiffness of the collagen 
network in human articular cartilage: a possible mechanism through which age is a risk 
factor for osteoarthritis. Arthritis and rheumatism. 2002;46(1):114-23.



General introduction

19

31. Willett TL, Kandel, R., De Croos, J. N., Avery, N. C., Grynpas, M. D. Enhanced 
levels of non-enzymatic glycation and pentosidine crosslinking in spontaneous osteoarthritis 
progression. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 
2012;20(7):736-44.





Physical and Mechanical Properties of Healthy and 
Osteoarthritic Cartilage at Different Scales

Parisa R. Moshtagh
Nicoline M. Korthagen
Rene M. Castelein
Amir A. Zadpoor
Harrie Weinans

This chapter is submitted for publication.

Chapter 2



Chapter 2

22

Abstract

Articular cartilage acts as a load-bearing material and is characterized as a 
heterogeneous and multi-zonal tissue. The physical and biomechanical functions 
of cartilage entirely depend on the amount, type, and specific configuration of its 
tissue components, which are all controlled by chondrocytes. Therefore complicated 
molecular mechanisms exist that maintain the mechanical integrity of cartilage 
matrix and its normal function. In this paper, we review different characterization 
techniques that can determine the biomechanical and physical properties such as 
diffusivity of both healthy and degenerated cartilage. These include compression 
tests and indentation at different scales, from a macroscopic tissue level down to 
the molecular scale, as well as imaging methods to detect diffusion. Together, this 
represents a comprehensive overview of the mechanical and physical properties 
of the cartilage matrix at various scales. Understanding the molecular mechanisms 
involved in cartilage integrity may significantly improve our knowledge of the 
physical behavior in healthy and diseased cartilage tissue, which is important in 
the development of finding better strategies for cartilage repair. 
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 Introduction 

Articular cartilage is a soft connective tissue that covers the end of articulating bones. 
Cartilage tissue with its hierarchical, well-organized architecture and heterogeneous 
composition of a collagen fibril network and polyanionic hydrogel exhibits specific 
biomechanical functionalities, which are related to the elasticity and its interaction 
with the fluid phase of the tissue through diffusivity and permeability properties. 
Wear resistance, stiffness, and energy dissipation are examples of the cartilage 
physical properties derived from its viscoelastic and poroelastic nature [1-14]. In 
fact, these properties determine to a large extent the wear and tear of cartilage 
tissue that can be observed in diseased cartilage as occurs in osteoarthritis. Such 
degenerated cartilage tissue is characterized by various physical abnormalities 
with respect to mechanics and diffusivity. This affects its physiological behavior, 
resulting in cartilage loss, restricted movement and pain. Variations in the amount 
and configuration of the cartilage tissue components with subsequent changes in its 
mechanical behaviour, permeability and swelling are the consequences of complex 
physical changes at the molecular level [1, 4, 15-23].

Osteoarthritis is likely multifactorial and in spite of our improved understanding 
of the various relevant aspects of this disease, there is still a gap in our knowledge 
of the structure-function relationship of articular cartilage as the disease progresses. 
In this review paper, we attempt to systematically compare the properties of normal 
and osteoarthritic cartilage tissue from a physical and mechanical perspective. Such 
a comparison is not only helpful from a scientific viewpoint, but may also find 
its way to clinical applications through improvement of diagnosis and treatment 
options. First, we seek to provide general information regarding the mechanics of 
cartilage in healthy and diseased tissue. Second, various mechanical characterization 
methods used at different scales are presented. These include mechanical analysis 
methods, from traditional compression tests to more sensitive techniques such 
as nanoindentation and atomic force microscopy with the ability to analyze the 
mechanical properties of cartilage at the tissue level and down to micro- and nano-
scales. Third, we describe the fluid flux and permeability of articular cartilage. 
Therefore, we focus on imaging techniques like those based on micro-computed 
tomography and fluorescent tracers, which have been used to obtain quantitative 
data on the morphology of cartilage tissue as well as its permeability and describe 
how it changes with degeneration.

Physical properties of healthy and degenerated cartilage

Healthy cartilage

From a structural viewpoint, articular cartilage is a multiphasic biopolymeric 
composite with a solid and a water phase. It predominately consists of globular 
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shape charged proteoglycans (PGs), collagen macromolecules, and small amount 
of cells within its solid phase while the fluid phase mainly contains water. These 
components together are responsible for the poro-viscoelastic behaviour of articular 
cartilage that results in specific properties such as its resilience, load bearing 
capability and shock absorption [4, 5, 24-29].

Cartilage matrix is composed of two distinct regions, namely pericellular matrix 
(PCM) and extracellular matrix (ECM). PCM mainly contains type VI collagen 
and heparin sulphate proteoglycans which together with chondrocytes make-
up a basic cellular unit called a chondron. Although PCM is known for its role in 
cartilage mechanotrasduction and load transfer, its exact function is still unclear. 
Furthermore, there are several growth factors found within the narrow (1-5 micron) 
region of PCM such as FGF21 and TGFβ2 [30-33]. ECM is rich in type II fibrillar 
collagen and PGs. A sizeable portion of the proteoglycans consists of aggrecan 
which is connected to a large polysaccharide called hyaluronan. Aggrecan is a 
proteoglycan composed of glycosaminoglycan chains (GAGs), which constitutes 
the negative fixed charge density (FCD) of cartilage. This negative charge originates 
from sulphate and carboxyl functional groups of chondroitin sulphate (CS) and 
keratin sulphate (KS) present in the GAG chains (Fig. 1) [34, 35]. 

Articular cartilage, as an inhomogeneous tissue, can be separated into four 
recognizable zones, namely superficial, middle, deep, and calcified zones (Fig. 1). 
The zones are distinct in terms of variations in the density, orientation, and function 
of both cells and extracellular matrix components [2, 13, 23, 34, 36-39].  

Figure 1. General representation of the zonal organization of cartilage constitute (left) and the 
proteoglycan structure (right), from Pearle et al. [40].

1- Fibroblast growth factor 2
2- Transforming growth factor beta
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In the superficial layer, collagen fibers are aligned in parallel to the surface 
of articular cartilage and are strongly connected to the proteoglycans. Compared 
with other layers, the top layer has the highest water and lowest proteoglycan 
content. Moreover, in the superficial zone, chondrocytes demonstrate a relatively 
flat morphology and synthesize specific markers such as PRG41 and locus-1 that are 
important for lubrication and angiogenesis. The superficial layer is therefore of great 
importance to maintaining the structural integrity of cartilage. The middle layer is 
made-up of thicker collagen fibers with random orientations. From a morphological 
standpoint, chondrocytes tend to be more rounded compared with the superficial 
layer. Towards the deep layers, the concentration of PGs increases and the water 
content decreases. In this layer, chondrocytes exhibit the same morphology as in the 
middle layer but are larger in size and are oriented in a direction perpendicular to the 
articular surface. Furthermore, they secrete type X collagen as a recognizable factor 
of hypertrophy. Below the deep layer is calcified cartilage that can be considered as 
the fourth layer of this zonal classification and embodies only a limited number of 
cells [2, 34, 38, 39].  

Notably, the fixed negative charged sulphates (from 0.05 mEq.g-1 2 in the 
surface layer and up to 0.2 mEq.g-1 in the deep layer) attached to the backbone of 
proteoglycans attract free cations from the surrounding environment. This creates 
a high osmotic pressure (from 0.16 and up to 2.1 kg.cm-1 across the cartilage tissue) 
with substantial water uptake. In order to maintain a balance while dealing with 
the water influx, the tissue swells and the collagan fibers expand. As a consequence 
of stretched collagen fibers and compressed PGs, the cartilage matrix experiences a 
high pre-stress which gives the tissue its elasticity [41]. The collagen-proteoglycans 
relationship was previously described with a model composed of a network of 
strings that is filled with inflated balloons [42, 43].

This dedicated and programmed mechanical balance is controlled by 
chondrocytes and the amount of deformation they feel [44]. Whereas GAGs are 
continuously produced by chondrocytes, the collagen content is relatively constant 
after maturation and has low to zero turnover [45, 46]. Therefore, proteoglycan 
synthesis is the key component of the mechanically adaptive cartilage tissue where 
its level is continuously modified by cartilage cells. GAGs turnover is guided by 
enzymes that continuously cleave GAGs such that they diffuse out of the tissue 
and become replaced by new proteoglycans synthesized by the chondrocytes. 
Aggrecanases are considered as a part of ADAMTS3 family which are responsible 
for cleaving the aggrecan molecules. ADAMTS-4 (aggrecanase-1) and ADAMTS-5 
(aggrecanase-2) are the more active aggrecanases as compared to other ADAMTS 
enzymes [47].

1- Proteoglycan 4
2- Milliequivalent per gram of wet tissue
3- Disintegrin and metalloproteinase with thrombospondin like motifs
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In the case of low deformation, chondrocytes produce less GAGs which results 
in less water influx, thereby decreasing the elastic forces on the collagen matrix. At 
higher deformation level, however, the cells try to make a stiffer cartilage matrix 
by enhanced GAGs synthesis and therefore increasing pre-stress. This specific 
feedback drives chondrocytes to adjust the GAG levels and keep cell deformation 
within certain boundaries [44] (Fig. 2).

Figure 2. Feedback loop of mechanical response in healthy cartilage. * Net GAG content is GAG 
synthesis minus GAG cleavage.

Degenerated cartilage

According to the mechanisms explained in Fig. 2, there is an optimal balance 
between the rates of production and breakdown of proteoglycans in healthy cartilage 
tissue. Moreover, tissue turnover is mainly related to proteoglycans, meaning that 
damaged collagens cannot be repaired [44, 48]. 

In degenerated cartilage, disrupted tissue homeostasis yields a weaker cartilage 
matrix which is not capable of properly withstanding the compressive forces. As 
a consequence, the cartilage matrix may be affected by uncontrolled enzymatic 
attacks and eventually microdamage accumulation to the proteoglycan chains 
[49]. These indicate the cartilage matrix with low negative charges cannot provide 
sufficient osmotic pressures to stretch the collagen fibers and maintain a hydrated 
structure [41]. According to the findings from Ruberti and co-workers [50, 51], the 
elongation of collagen fibers protects them against enzymatic degradation. Flynn et 
al. [50] investigated the mechanochemical relationship between mechanical strains 
and enzymatic degradation and found a kind of strain-protection effect of fibrillar 

Net change in
GAG content*

Loading

Change in 
deformation

Feel deformation within 
the physiological range 

Change in osmotic 
pressure and pre-stress 

on collagens
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collagen where stretched collagen fibrils were preserved longer in the presence of 
MMP-8. Thus, it seems that healthy collagen fibers persist in the direction of applied 
force, while in degenerated cartilage, collagens cannot maintain their fully expanded 
configuration and become more susceptible to enzymatic cleavage. Therefore, 
collagen fibers will also be affected by microdamage accumulation. However, they 
cannot be repaired leading to the irreversible process of osteoarthritis. 

In conclusion, the mechanical adaptation within the cartilage matrix is controlled 
by chondrocytes that can adjust the GAG content. However, the damage of collagen 
fibers seems to be irreversible, making it of vital importance to protect collagen 
fibers from enzymatic cleavage [46, 49]. Taken together, it can be concluded that any 
factor which disturbs the balance in GAGs turnover can cause irreversible changes 
in the mechanical integrity of the collagens. 

Even though collagen molecules in healthy cartilage are not metabolized, 
they can still undergo morphological changes which are mostly related to the 
non-enzymatic and irreversible reactions between sugars and the collagen fibers. 
This leads to accumulation of advanced glycation end products (AGEs) that are 
important hallmarks of aging. AGEs increase collagen cross-linking density, which 
subsequently makes the collagen fibers stiffer and cartilage matrix less deformable. 
The higher stiffness of the collagen network (associated with lower deformation 
in the tissue), causes lower GAGs production by chondrocytes [52, 53], as a 
consequence, relatively brittle collagen molecules therefore have even more load 
to carry.

Franke et al. [54] claimed that AGEs with their specific receptor (RAGE) 
are associated with expression of the genes involved in the development of 
osteoarthritis. Furthermore, Mao et al. [55] argued that besides extracellular AGEs, 
intracellular AGEs and their protein receptor (ERM1) may also be important in the 
pathophysiological process of osteoarthritis. Intracellular AGEs have a negative 
influence on cellular fate by disrupting both cytoskeleton arrangement and signal 
transduction [55].

The fluid movement through the cartilage solid phase is dependent on changes 
in the cartilage mechanics as well as the presence of AGEs [49, 56]. A stiffer and 
more brittle cartilage – such as AGE-associated high crosslink density of collagens 
– provides a low permeable matrix in which water cannot move freely within the 
highly woven collagen network with reduced ECM pore size [57]. 

Osteoarthritis

Osteoarthritis is a complicated and chronic degenerative disease. Several causes 

1- Ezrin, Radixin, Moesin
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have been identified that are categorized as external or internal risk factors 
including age, sex, weight, genetics, physical activities (acute or chronic), metabolic 
processes, shape abnormalities of the joint, and traumatic disorders [20, 54, 58-60]. 
A number of molecular mechanisms are involved in the structural variations in 
cartilage tissue as a consequence of osteoarthritis. At the molecular level, in the 
early stage of osteoarthritis development aggrecanases and MMPs1 are involved in 
PG loss and alteration of the collagen network [47, 61]. In the MMPs family, MMP-
1, MMP-8 and MMP-13 (collagenases), and MMP-3 and MMP-10 (stromelysins) 
are the main subgroups that are involved in osteoarthritis. Furthermore, MMP-2 
and MMP-9 (gelatinases) exhibit secondary activities that complete the degradation 
process of collagen through digestion of the residual fragments resulting from initial 
degradation by collagenases [46, 61]. They are also important in the remodelling 
process of the ECM [61-66]. 

There are some prominent mediators that affect the relevant intracellular 
pathways including chemokines and cytokines [67]. For example, TGF-β 
demonstrates both anti- and pro-inflammatory functionalities through regulation of 
the MMPs and its contribution to matrix mineralization [59, 65-67]. Pro-inflammatory 
cytokines such as IL-12 and TNF-α3 probably produced by activated macrophages, 
also play a role in the catabolic processes. IL-1 promotes inflammatory reaction and 
elicits enzymatic catabolism which are crucial for the synthesis of nitric oxide (NO) 
and prostaglandin E [59, 63, 64]. The activities of these unusual catabolic enzymes 
together with activated macrophages further trigger enzymatic cleavage followed 
by cartilage fibrillation and disruption during the progressive stages [10, 20, 68, 69]. 
In addition, Loeser et al. [67] explained the potential role of free radicals, hydrogen 
peroxide, and superoxide specially due to aging that lead to depolymerization of 
hyaluronic acid and chondrocyte death.

Goldring et al., [62] proposed that chondrocytes clustering accompanied with 
increased proliferation rate and an up-regulated synthesis process can be detected in 
osteoarthritis. Abnormal cell clustering also influences the nutrition and diffusivity 
of cell mediators and is indicative of a disruption in the normal homeostasis of 
cartilage tissue [33]. In fact, chondrocyte colonies and their high proliferation rate 
are the manifestations of an attempt to counteract the elevated catabolic factors. 
Despite the higher rate of both synthesis and degradation, the imbalance between 
catabolic and anabolic activities eventually leads to disruption of the cartilage 
matrix [59, 64, 66, 67]. 

Cartilage mineralization and chondrocyte hypertrophy in the growth plate 
are the other signs of osteoarthritis. Some mineral factors such as basic calcium 

1- Matrix metalloproteinases
2- Interleukin-1
3- Tumor necrosis factor
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Figure 3. Representational image of healthy and osteoarthritic joints and the relevant tissues from 
Gerwin et al. [70].

Characterization techniques  

Mechanical properties of cartilage tissue

In this section, we focus on the structure-function relationship in articular cartilage 
from the biomechanical viewpoint. Confined and unconfined compression, and 
indentation tests are the most common tools to measure the mechanical properties 

phosphate crystals (BCP) may also be detectable [59]. Bertrand et al. [59] postulated 
that calcium phosphate crystals demonstrate high affinity to biological molecules 
due to their electrostatic interactions and can thereby recruit even more cytokines 
and mediators. 

Study of the peri-articular bone pathophysiology shows marked changes in 
the mineral content and volume density of the bone [18, 34]. Weinans et al. [18] 
described the changes that occur in the pre-articular bone in osteoarthritis. Variation 
in bone shape and architecture means changes in the normal loading that the 
joint experiences under normal physiological conditions, thereby influencing the 
remodeling of the subchondral bone [18, 59]. The ultimate molecular, biochemical, 
and biomechanical hallmarks of osteoarthritis are accompanied by pain, synovial 
inflammation, swelling, sclerosis, and failure in the mechanical properties such 
as changes in the compressive stiffness and viscoelastic characteristics [34]. A 
schematic image depicting healthy and osteoarthritic joints is presented in Fig. 3.
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of articular cartilage [39], table 1. In compression experiments, either the force 
is adjusted to hold the deformation constant while the displacement change in 
time (creep) is measured or a displacement can be given while the force response 
(relaxation) is determined. Depending on both the type and scale of measurement, 
the mechanical properties correlate at tissue level or the intrinsic elasticity of the 
biomolecules (such as collagens and proteoglycans) as well as the matrix interactions 
with interstitial fluid (permeability) can be obtained. The latter is also related to the 
fixed charge density of the cartilage matrix, reflecting an indirect prediction of the 
PG content via mechanical techniques [49].

Stiffness is used to explain the behaviour of materials in a broad spectrum 
of scales and under different loading regimes such as tension, compression, and 
shear as well as under different rates and shapes of deformation such as monotonic 
or sinusoidal deformations. Cartilage tissue with its heterogeneous composition 
demonstrates different moduli under tensile or compression deformation due to 
specific viscoelastic and poroelastic phenomena that play a role in the biomechanical 
behavior of cartilage. Therefore, when measuring the mechanical properties of 
biological materials, it is important to take their time-dependent characteristics into 
account where the equilibrium mechanical responses obtain. There are two main 
types of loading modes used in the characterization of the time-dependent behavior 
of biological materials, namely force-controlled loading which is associated with a 
creep function )(tJ  and displacement-controlled loading which is associated with 
a stress relaxation function )(tG [71-73]:
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Experimental results can be fitted to the viscoelastic models using Eq. (3) and Eq. (4) 
with 0A  , iA  as creep and 0B , kB  as relaxation parameters, respectively:
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where Pmax is the maximum load, h is the depth of indentation, and R is the radius 
of the spherical indenter. Considering a step-loading profile, iτ  is the time constant, 

Rτ  is the total ramp time and iRCF  is the ramp correction factor. 

Whole tissue confined and unconfined compression

The mechanical properties of biological materials can be estimated ex vivo using 
two common types of conventional tests, i.e. confined and unconfined compression 
tests. 

In confined compression, the test sample is enclosed within a confined mould on all 
sides and load is applied through a porous membrane. In unconfined compression 
analysis, two permeable plates are used for this purpose and the specimen is 
not confined in a chamber. Compared with confined compression, unconfined 
compression also allows for movement of the biological specimen in the horizontal 
direction (Table 1). The Young’s modulus can be extracted from stress-strain curves 
obtained using both types of compression tests [26]. 

In an overview of the above-mentioned test methods, Korhonen et al. [14, 39] 
determined the equilibrium Young’s modulus and the Poisson’s ratio of articular 
cartilage using indentation, unconfined compression, and confined compression 
tests where they applied a step-wise stress-relaxation protocol. They compared 
the equilibrium Young’s modulus of bovine articular cartilage from three different 
anatomic locations including humeral head, patellar and femoral condyle and found 
that the highest values are those measured for the humeral head (approximately 800 
kPa), while the lowest values were measured for the femoral condyle (approximately 
300 kPa). Lakin et al. [23] measured the equilibrium compressive modulus and the 
friction coefficient of bovine osteochondral plug using a stress-relaxation regime 
including 45 minutes of relaxation time and found a strong correlation between 
the biomechanical features and GAG content. Kokkonen and his colleagues [57] 
detected a 3-fold increase in the average equilibrium modulus of threose1-treated 
bovine cartilage with respect to the normal cartilage using unconfined compression 
tests.

1 - L-threose (threose) is a carbohydrate that can react with the protein component within the cartilage 
matrix
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Table 1. Hierarchy of the indentation tests.

Mechanical test Indenter / 
Probe size

Range of 
applied 

force

Range of local 
deformation

Spatial 
variation

Required 
number of 

indentation

Compression [39] mm mN to N hundred(s) of 
µm to mm

a few 
fold

a few tests

Micro- or Nano-
indenter* [74, 75]

µm to mm
 

µN to mN hunderend(s) 
of nm to µm

more 
than 

10-fold

tens of tests

IT-AFM [76, 77] nm to µm pN to µN nm up to 
a few µm 

more 
than

 100-fold

hundereds 
of 

tests

In conclusion, general information regarding the cartilage mechanical response 
can be obtained using macro-scale compression tools. However, since cartilage 
is a complex gel-like polymeric composite, more accurate analyses are needed to 
capture its specific properties. 

Indentation

Considering the paucity of the compression tests such as specimen preparation 
requirements, lack of accuracy at small scales, and low speed, nanoindentation 
has recently emerged as a widely used technique for in situ measurement of the 
mechanical properties of cartilage. Indentation as a non-destructive method can 
also be used in clinical applications [49, 77].  

Indentation tests can be applied at different scales, from the nanometer-scale 
with atomic force microscopy (AFM) to micrometer-scale using microindenters 
and homogenized-scale using millimeter-size indenters. Indentation-type AFM (IT-
AFM) is capable of mapping the stiffness of biological samples and extracellular 
matrix components. Therefore, it is now possible to estimate the local (visco-)
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elastic moduli at the molecular scale in a non-destructive manner using indentation 
experiments (Table 1) [77, 78].

There are some well-known theories for analyzing the elastic response (Young’s 
modulus) of cartilage matrix at micro- and nano-scales from load-displacement 
data obtained from nanoindenter or IT-AFM. When a spherical indenter is used, 
the Hertzian contact model with a linear elastic contact assumption is the most 
commonly used model [3, 73, 77, 79, 80]: 

2
3

2
1

2)1(3
4 hREF

υ−
=                                                                                                                (10)

where F and h  are the indentation force and depth, υ  is the Poisson’s ratio of the 
tissue specimen, and R  is the radius of the spherical indenter.

Similarly, the Sneddon’s elastic contact theory for a pyramidal or conical indenter 
describes the indentation load as a function of indentation parameters as: [72, 74]:

2
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where ϕ  is the half angle of the indenter pyramid and
2
πγ = .

However, the Hertz’s contact model is not an ideal model for inhomogeneous and 
anisotropic biological materials. In 2004, Oliver and Pharr introduced a model to 
estimate the stiffness of soft materials more accurately. They calculated the elastic 
modulus from the slope of the upper part of the unloading curve (Fig. 4a) that is 
fitted to the following equations [77, 80-82]:
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where P  stands for load, h  and fh  respectively denote indenter displacement and 
final unloading depth, α  and m  are constants depending on the indenter shape, S  
is stiffness, and rE  indicates the reduced modulus. 

Therefore, the Young’s modulus sE  of the sample can be obtained as:
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where sυ  and iυ  are respectively the Poisson’s ratios of the sample and indenter and 
iE  represents the Young’s modulus of the indenter.
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Micro-scale indentation

The intrinsic features of biological materials like poroelasticity, heterogeneity, and 
spatial variations cause inaccuracies in the mechanical properties measured by 
compression tests [8, 74]. Nanoindentation as a micro-scale measurement technique 
with force measurement accuracies in the range of 100 nN force is often used 
for measuring the mechanical properties of a wide range of materials including 
hydrated tissues. To measure the mechanical properties of hydrated tissues, a 
fluid cell is often used to contain the tissue specimen. A probe then directly applies 
the desired load in the range of millinewton to micronewton over the specimen 
surface. In another type of nanoindenters, the indentation load is not directly 
applied through the probe. The probe is connected to a cantilever beam, which is 
attached to an optical fiber that can measure the cantilever deflection. The Young’s 
modulus is obtained by fitting analytical or computational models to the obtained 
force-displacement curves (Fig. 4a). The geometry of the probe and loading profile 
are very important for obtaining accurate estimates of the mechanical properties at 
the micro-scale [71, 74, 83, 84]. 

Miller et al. in 2010 [84], employed a nanoindentation technique to estimate the 
biphasic properties of cartilage including its permeability and Poisson’s ratio. The 
nanoindentation test indicated an average semi-equilibrium modulus of 740 kPa 
obtained from a stress-relaxation protocol with a 300-second relaxation period, a 
permeability of 

                    
    and a Poisson’s ratio of 0.16. 

Li et al. [85] performed a comparative study in which porcine rib cartilage and 
polyacrylamide gel (as a reference material for soft biological tissues) were tested 
using compression and nanoindentation techniques (with a 100 µm indenter 
tip) using a stress-relaxation protocol. The quasi-equilibrium moduli of cartilage 
estimated using the unconfined compression and nanoindentation tests were 
respectively 2.2 and 2.7 MPa. In our recent paper [86], we used a 44 µm probe to 
measure the semi-equilibrium modulus of articular cartilage samples obtained 
from patients with mild and severe osteoarthritis in both isotonic and hypertonic 
conditions using a creep experiment. We found a significant decrease in the micro-
scale modulus after 2 hours of incubation of cartilage in hypertonic solutions (~5.2 
MPa) as compared to the samples tested in the isotonic condition (~9.9 MPa). The 
vast majority of above-mentioned studies have used a conospherical nanoindenter 
probe which has a conical shape with a spherical end, to decrease the stress 
concentration as much as possible [83]. Another effort to appropriately measure 
micro-scale stiffness of the cartilage surface layer was done by our group [75] in 
which we focused on how the intrinsic spatial variations and surface topography of 
the cartilage surface layer influence on the measured cartilage stiffness. As a result 
of the cartilage location-dependent behavior, up to 20-fold variations in the cartilage 
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micro-scale effective elastic modulus within a region around 1 mm2 were detected 
(see Fig. 4b). Therefore, we defined guidelines for performing a reproducible micro-
scale indentation protocol considering its topographical variations. 

Figure 4. Typical illustration of the indentation loading and unloading curves; Trigger voltage 
defines the limitation values for cantilever movement; S indicates the slope (dashed line) and fh  

represents the final depth of unloading and maxh  exhibits the maximum depth of penetration 
[74, 82, 88] (a); The interpolated distribution of the effective elastic modulus measured using 144 

indentations with nano-indenter in a 900 x 900 μm2 region of the tibia plateau of Wistar rat [75] (b); 
Schematic diagram of cantilever, tip and sample position from Cappella et al. [89] (c).

Molecular scale Atomic Force Microscopy (AFM)

To extend our knowledge regarding the contribution of each constitute of articular 
cartilage to its mechanical function, a small-scale indentation method is needed that 
enables us to poke each biomolecule and record its corresponding response. Using 
indentation-type AFM, it is possible to target the individual cartilage components 
and obtain highly specific data regarding their nano-mechnical behavior [76, 86, 
90]. AFM has a probe that consists of a tip attached to a cantilever. The resulting 
cantilever deflection is automatically recorded by measuring the displacement of 
a laser beam reflected from the backside of the cantilever. The nano-mechanical 
properties are measured through force–displacement curves generated by the AFM 
probe on the surface of a sample and inferred from the tip deflection. The data is 
obtained with forces that could be small enough to be in the piconewton range, 
enabling estimation of the mechanical properties at various hierarchies of the tissue, 
from molecular level (nanometer range) and up to micrometer range (Table 1) [77, 82]. 

Probe-related factors such as tip geometry, cantilever stiffness, the material 
that both are made of, as well as experimental factors such as indentation depth, 
rate and protocol together with adhesion, intermolecular forces, and electrostatic 
interactions can be cited as very conspicuous parameters that influence in the 
accuracy of AFM measurements [88, 91-94]. 

Special attention needs to be paid to the following parameters when obtaining 
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the indentation force and displacement data: the conversion factor from cantilever 
calibration, the actual z-piezo displacement, and the cantilever spring constant [3, 
89]. The first step is to estimate the actual cantilever spring constant [3, 95-97]. The 
next step is to find the actual distance between the tip and the surface of the sample 
(D). According to Fig. 4c, we need to subtract the cantilever deflection and sample 
deformationfrom the distance between tip and the cantilever after contact (Z) [89]:

)( scZD δδ +−=                                                                                                                 (16)

Compared with nanoindention, IT-AFM has higher degree of sensitivity and 
provides more flexibility for choosing the matched probe and desired indentation 
protocol [3, 95]. 

       Stolz et al. [90] introduced AFM-based indentation as a tool for detecting the 
early stages of osteoarthritis by probing nano-scale changes in cartilage stiffness. 
They reported increasing age-related trends in the nano-scale dynamic elastic 
modulus of both normal mice (1 and 19 months-old) and healthy human specimens 
(64-96 years-old). Later in 2010, Loparic et al. [76] applied atomic force microscopy 
at the nano- and micro-scales using different shapes and sizes of the AFM tip. They 
acquired the following scale-dependent values of the elastic modulus of porcine 
articular cartilage (femoral head): ≈1.3 MPa at the micro-scale and two distinct 
numbers (22.3 kPa and 384 kPa) at the nano-scale. They also tried to mimic the 
behaviour of cartilage tissue using a gel-microfiber composite to resemble the 
harder portion (collagen fibril) with PEGT1/PBT2-fibrils and the softer portion (PGs) 
with agarose/chondroitin sulfate gel [82]. Furthermore, the mechanical response 
of human osteoarthritic tissue at micro- and nano-scales at different swelling 
states (normal vs. hypertonic solutions) was investigated by our group [86]. We 
also attempted to attribute the peaks found in the elastic modulus histogram with 
cartilage constituents where a finite Gaussian mixture model was used for the 
analysis.

Grodzinsky and co-workers [7] focused on describing the poroelastic response 
of articular cartilage using AFM. They detected the dynamic modulus of articular 
cartilage over the frequency spectrum of 0.2-130 Hz, which helps to investigate the 
matrix pathology. Lin Han et al. [3] used classical and dynamic indentation-type 
AFM to investigate the influence of proteoglycans on the mechanical properties 
of cartilage with regard to time and frequency. In 2013, Nia et al. [98] revealed the 
eminent influence of GAGs on the nano-scale hydraulic permeability of cartilage 
by measuring the nanomechanical responses of both normal and GAG-depleted 
bovine cartilage under high-frequency dynamic loading. These loading profiles 
imitate the loading rates in high-rate activities such as running and jumping.

1- Poly(ethylene glycol)-terephthalate 
2- Poly(butylene)-terephthalate
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Darling et al. [88] studied the differences between the biomechanical responses 
of ECM and PCM and found the elastic modulus of PCM to be lower than ECM 
(approximately 0.35 ratio). The finding was valid across species including human, 
porcine, and murine. In addition, several studies employed AFM to measure the 
elastic modulus of tissue-engineered cartilage and tissue engineering biomaterials. 
Using IT-AFM, Markert et al. [99] characterized the elasticity of different kinds of 
frequently used hydrogels where a spherical tip (5.3 µm) was utilized. In a similar 
manner, Lee et al. [100] applied AFM to measure the mechanical properties of 
2%w/v alginate matrix containing bovine chondrocytes to evaluate effect of different 
growth factors like IGF-11 and OP-12. Our group [101] used IT-AFM to measure the 
nano-scale mechanical properties of multi-block copolymer microspheres in both 
dry and swollen conditions. 

A brief overview of the data obtained from the mechanical characterization 
techniques applied to articular cartilage is presented in Table 2.

Table 2. A short overview of the results obtained from mechanical characterization techniques 
for articular cartilage tissue in different scales. (AC: Articular Cartilage)

1- Insulin-like growth factor
2- Osteogenic protein-1

Type of Articular 
Cartilage tissue

Mean value of 
modulus (kPa) Mechanical test

Shape and 
radius of 
indenter 

Cantilever 
spring 

constant 
(N/m)

Reference

Humeral AC 800 Confined 
compression [14]

Patellar AC 570 Confined 
compression [14]

Femoral AC 310 Confined 
compression [14]

Femoropatellar 
groove 760 Confined 

compression [80]

Humeral AC 810 Unconfined 
compresstion [14]

Patellar AC 620 Unconfined 
compresstion [14]

Femoral AC 340 Unconfined 
compresstion [14]

Femoropatellar 
groove 810 Unconfined 

compression [84]
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Type of Articular 
Cartilage tissue

Mean value of 
modulus (kPa) Mechanical test

Shape and 
radius of 
indenter 

Cantilever 
spring 

constant 
(N/m)

Reference

Bovine patellae 350 Unconfined 
compression [57]

Threose treated  
bovine patellae 1020 Unconfined 

compression [57]

Femoropatellar 
groove 740 Nanoindenter 50 µm, 

conospherical                                 [84]

Human mild 
ostheoarthritic 

AC
9880 Nanoindenter 44.42 µm, 

conospherical [86]

Rat tibia AC

2300 to 3500 
(from 4 µm to 12 
µm indentation 

depth) 

Nanoindenter 50 µm, 
spherical [75]

Porcine femoral 
knee condyles

2600 (native 
tissue)

877 (after 
collagen 
network 

digestion)

IT-AFM 2.5 µm, 
spherical 13 [82]

Porcine femoral 
knee condyles

27 (native 
tissue)

21 (after non-
fibrillar portion 

digestion)

IT-AFM 20 nm, 
pyramidal 0.06 [82]

Femoral heads of 
C57BL/6 mice

1300(1, 10, 19 
month old) IT-AFM 15 µm, 

spherical 12 [90]

Femoral heads of 
C57BL/6 mice

22.3-36.8-50.9 
(1, 10, 19 month 

old)
IT-AFM 20 nm, 

pyramidal 0.06 [90]

OA human 
osteochondral 

plugs
1300 IT-AFM 15 µm, 

spherical 12 [90]

Human 
osteochondral 

plugs

15.3- 142.0

(62-96 years old)
IT-AFM 20 nm, 

pyramidal 0.06 [90]

Porcine
81 (ECM)

30 (PCM)
IT-AFM 5 µm, spherical 7.5 [88]
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Type of Articular 
Cartilage tissue

Mean value of 
modulus (kPa Mechanical test

Shape and 
radius of 
indenter

Cantilever 
spring 

constant 
(N/m)

Reference

Murine
197 (ECM)

69 (PCM)
IT-AFM 5 µm, spherical 7.5 [88]

Human
306 (ECM)

104 (PCM)
IT-AFM 5 µm, spherical 7.5 [88]

Porcine femoral 
head 1300 IT-AFM 10 µm, 

spherical
range : 6.5 - 

27.5 [76]

Porcine femoral 
head

22.3 (non-
fibrillar matrix)

384 (fibrillar 
network)

IT-AFM 20 nm, 
pyramidal 0.06 [76]

Bovine 
femoropatellar 

grooves

76 (non-fibrillar 
matrix)

420 (fibrillar 
network)

IT-AFM 12.5 µm, 
spherical 4 [7]

Bovine 
femoropatellar 

groove

~120-200 (0.1, 
1, 10 µm/s 

indentation rate; 
normal tissue)

~30-80 (0.1, 
1, 10 µm/s 

indentation rate; 
PG-depleted 

sample)

IT-AFM

2.5 µm, 
spherical 

and 50 nm, 
pyramidal

0.58

0.58

[3]

Human 
ostheoarthritic 

AC

4 Gaussian 
components:

 78, 248, 793, 
2107 (mild OA)

177, 190, 442, 
739 (severe OA)

IT-AFM 15 nm, 
pyramidal [86]
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Permeability of cartilage tissue

The pivotal role of chondrocytes in the cartilage mechanical adaptation process 
is well established. However, chondrocytes cannot maintain proper biosynthesis 
unless there is diffusivity of the porous matrix. Chondrocytes require nutrients, 
oxygen, essential signaling molecules, regulatory cytokines and at the same time 
need a way of transporting the waste substances and newly made molecules out 
of the matrix [5, 102-105]. Diffusivity represents the movement of the molecules 
from an area with a high concentration towards an area with a low concentration. 
However, since cartilage matrix has an interconnected porous hydrated structure, 
permeability is the important parameter which determines the transport rates of the 
molecules and how they can penetrate into the pore space [106]. Diffusion coefficients 
could be used as indicators of the effects of steric hindrance of mobile ions at near-
equilibrium distribution caused by different configurations and distributions of 
solid phase within the cartilage layers [36]. Diffusion through the porous matrix 
structure, which is dependent on the chemical potential gradients, and convection 
through the synovial fluid, which is dependent on the loading pressure are the main 
mechanisms which define the cartilage permeability with its avascular network. 
Therefore, the solute transport strongly relies on the interconnected structure of 
the charged mesh of cartilage, local distances between the macromolecules, and the 
movable interstitial fluid [5, 49, 102, 107, 108]. 

Simultaneously, the diffusivity of the cartilage, and the transport behaviors of 
the molecules and metabolites within, changes, which ultimately make chondrocytes 
react differently and vary their metabolism [49, 103, 105]. Several techniques have 
been applied to detect the cartilage permeability which can be categorized as 
indirect and direct methods. 

Indirect flow measurement

From a physical standpoint, mechanical tests can be used to indirectly determine 
the cartilage permeability, where the fluid flow is not directly measured, but its 
effect can be observed on the cartilage stiffness.

This approach was employed by Le et al. [109] using a porous indenter (0.75 mm 
radius) on both normal and PGs-depleted osteochondral specimens of a goat model. 
They could indirectly estimate FCD values based on the reduction in apparent 
aggregate modulus (the effect of both the osmotic pressure and the solid matrix) as 
a consequence of PG loss. Enzymatic PGs-depleted cartilage showed approximately 
40% less FCD as compared to the untreated specimens associated with 63% lower 
apparent aggregate modulus. They also discovered a strong correlation between the 
predicted FCD levels with the values obtained by dimethylmethylene blue (DMMB) 
assay (r2 = 0.8). Han et al. [3] have measured the frequency-dependent behavior 
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of normal and chondroitinase aggrecan-depleted bovine cartilage. Their study 
showed increased hydraulic permeability and decreased indentation modulus of 
degenerated cartilage measured by dynamic nanoindentation. Nia et al. [98] also 
showed that GAGs-depletion yields changes in the hydraulic permeability and 
equilibrium modulus with altered time-dependent characteristics.

Direct flow measurement

Imaging techniques provide the opportunity to directly measure the permeability 
as long as the fluid can be tracked. Based on Gibbs-Donnan theory, by applying 
mobile ions within the extracellular fluid, a competition between them and negative 
fixed charge concentration of proteoglycans occurs since they tend to maintain the 
electroneutrality of the cartilage tissue [110]. 

In 1970, Maroudus A. [111] determined the diffusivity of neutral solutes with 
different sizes and evaluated their distribution patterns throughout the human 
cartilage samples using colorimetry. A reverse relationship was found between 
the amount of fixed charge density, which is an indicator of GAG levels, and the 
molal distribution coefficient for all different solutes. Furthermore, larger diffusing 
molecules (Dextran 40) represented lower permeability as compared to the 
smaller one (glucose) (0.8×10-9 vs 1.4×10-6 cm2.sec-1). This implies that the hydraulic 
permeability of the large molecule not only relies on the tortuosity of the flow 
channels, but is also dependent on the solute-matrix friction. 

Computed tomography-based methods

As discussed above, not only does osteoarthritis change the constituents of cartilage, 
it may also vary their orientation within various zones. Among cartilage tissue 
components, GAG loss is a clear sign of degeneration [20, 112].  

A common method for cartilage imaging is non-invasive delayed gadolinium-
enhanced magnetic resonance imaging (dGEMRIC) technique. In the presence of an 
anionic contrast agent, the distribution of fixed charge density due to the electrostatic 
repulsion between negative charges is obtained (Fig. 5). A major hindrance for 
dGEMRIC is the excessive time required to reach the desired resolution. Therefore, 
it mostly involves low special resolution and high cost [113]. 

Contrast-enhanced computed tomography (CECT) imaging operates similar 
to dGEMRIC by detecting the cartilage X-ray attenuation with respect to the ionic 
diffusing factor. Compared to MRI, CECT can be described as a faster, cheaper, and 
higher resolution three-dimensional imaging assay [16, 113]. Giving the contrast 
agent enough incubation time makes it possible to optimize µCT images through 
visualizing the relation between GAG content and attenuation rate [9, 16, 20, 114]. 
Therefore, equilibrium partitioning of an ionic contrast agent with micro-computed 
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tomography (EPIC-µCT) can quantitatively detect and sensitively visualize 
changes in periarticular bone and cartilage tissue. Fig. 6a shows cartilage layers in 
both healthy and osteoarthritic rat joints imaged with EPIC-µCT [115]. Some of the 
ex vivo and in vivo experimental results, determined by scanning techniques, are 
described below. 

Figure 5. Graphic representation of GAG loss with osteoarthritis development and the 
corresponding diffusion depth of a contrast agent from Bansal et al. [113].

Kulmala et al. [116] used CECT and finite element modeling to measure the 
average diffusion coefficients of bovine patella in the presence of various contrast 
agents with different molecular size and charge. A size-dependent trend was 
detected where the highest and lowest diffusion coefficients were respectively 
achieved by the lightest (Iodide 127 g/mol) and heaviest contrast agents (Ioxaglate 
1269 g/mol). In addition, when studying the direction of diffusion from the cartilage 
surface towards the deep layers and vice versa, all used contrast agents showed 
remarkably faster diffusivity through the surface of articular cartilage than through 
the deep layer. Pouran et al. [117] evaluated the effects of surrounding fluidic 
environment on the diffusional characteristics of horse osteochondral plugs in an ex 
vivo study. The investigated parameters were bath size, bath stirring, and stagnant 
film formed at the cartilage/bath contact area which resembling the cartilage and 
synovial fluid interface. For this purpose, a nonionic contrast agent (Iodixanol) with 
different osmolalities (290 and 600 mOsm/kg water) was utilized and biphasic finite 
element model with micro-CT was applied. They concluded the importance of the 
three above-mentioned factors when trying to achieve the optimal solute transport 
across cartilage zones. In another study [118], they investigated the solute transport 
at the interface of cartilage and subchondral bone using micro-CT with a neutral 
contrast agent (Iodixanol) in both healthy equine and mild osteoarthritic human 
specimens. They could identify the importance of microarchitecture of the involved 
tissues including cartilage thickness, subchondral bone thickness and its porosity, 
on the diffusional properties across osteochondral interface. 
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Stewart et al. [119] accurately compared the functionality of CA4+ and Ioxaglate 
– as cationic and anionic contrast agents – within knee joints in a rabbit model. They 
concluded that CA4+ shows a better performance in terms of the resulting image, 
diffusion kinetics, and relative uptake ratio. Bansal et al. [120] performed a similar 
study in which they used three contrast agents with different charges including 
Gadopentetate (-2), Ioxaglate (-1), and CA4+ (+4) to investigate their interactions with 
GAGs within the bovine knee joint. They found 0.52, 0.62, and 2.38 as the uptake 
ratio indices1 of Gadopentetate, Ioxaglate, and CA4+, respectively. This shows a 
higher level of affinity for the positive contrast agent.

Comparatively, Yoo et al. [121] used an anionic contrast agent (Ioxaglate) in 
CECT analysis and showed that ioxaglate penetration in trypsin-treated specimens 
is increased by 36% as compared to normal cartilage after 24 hours incubation time. 
However, the results obtained from other studies with cationic contrast agents 
showed greater values of diffusion flux, which reflects the differences in the charge 
and size of the diffusing agent based on the interactive forces with residual GAGs 
[119]. 

Palmer et al. [122] applied EPIC-µCT in order to evaluate the matrix changes 
in a degenerative model of IL-1 stimulated cartilage obtained from calves. They 
could demonstrate a strong correlation between x-ray attenuation values and GAGs 
distribution. In 2009, Xie et al. [16] utilized EPIC-µCT technique to assess age-related 
morphological changes in Wistar rats. One year later, they could also demonstrate 
the GAGs concentration and distribution using an equilibrium time of 60 min and 
the same imaging technique [114].

Kotwal et al. [9] applied EPIC-µCT to study two osteoarthritis risk factors, 
namely ageing and loading in a form of physical exercise, on male mice. They could 
successfully detect degeneration symptoms in a very thin layer of mice articular 
cartilage (approximately 30 µm). In a comprehensive study using a rat running 
model, Siebelt et al. [20] highlighted HSP902 inhibition as a potential therapeutic 
strategy. They applied EPIC-µCT to analyze morphological changes in cartilage. 

1- Uptake ratio is the equilibrium uptake of the contrast agent into the cartilage to the X-ray attenuation 
of the contrast agent solution.
2- Heat shock protein
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Figure 6. Cartilage layer and its quality obtained from EPIC-μCT, left side shows healthy and right 
side represents osteoarthritic rat knee joints. In EPIC-μCT images, contrast agent diffusion has a 
reverse relation with GAG content [69, 115](a); Rhodamine B fluorescence of metacarpal articular 
cartilage with marked tidemark (arrow). The white box shows the region where the intensity profile 

was made from Arkill et al. [102](b).

Fluorescence-based methods

Another approach is a non-destructive and sensitive method based on monitoring 
translational movement of a fluorescent tracer. These techniques provide possibility 
to track the tracer within the synovial fluid and precisely measure permeability. 
Fluctuation in fluorescence intensity is a function of the diffusion of labeled 
molecules within the porous structure of cartilage tissue [123, 124]. 

The influences of static compression on the diffusion pattern of three contrast 
agents including sodium iodide, sodium diatrizoate and Gd-DTPA1 were analyzed 
by Shafieyan et al. [125] using spectroscopy-based methods. The non-equilibrium 
diffusion of the mentioned solutes within the femoral component of bovine articular 
cartilage provides useful information regarding the effect of varied matrix density 
due to static compression on the solutes transport. Similarly, Evans et al. [107] 
investigated the correlation between the interstitial diffusion of various fluorescent 
solutes with GAG content and fluid volume fractions of compressed bovine articular 
cartilage. Both studies showed that diffusion coefficients correlate positively with 
fluid volume fraction and negatively with GAGs weight fraction. 

To demonstrate the different diffusional behavior of degenerated and healthy 
cartilage, Lee et al. [123] utilized fluorescence correlation spectroscopy (FCS) as 
a method based on changes in fluorescence intensity. In this experiment, normal 
femoral cartilage of porcine knee joints was subjected to trypsin enzymatic 
degradation. The rate of albumin diffusion inside the cartilage ECM was followed 

1- Gadolinium diethylenetriamine-penta acid 



Healthy and osteoarthritic cartilage 

45

2

by three fluorescent dyes, namely Rhodamine 123, Rhodamine 6G, and Alexa 488. 
Fluctuations in fluorescence intensity are caused by molecular diffusion through 
convection, Brownian molecular movement, and chemical reactions. They could 
monitor albumin diffusivity over trypsin reaction time. Lower diffusion coefficients 
were obtained for degenerated cartilage as compared to normal samples, 
representing easier interstitial fluid motion through the denatured cartilaginous 
ECM. Chuan Chin et al. [105] focused on the diffusional properties of mechanically 
injured bovine cartilage. They detected significantly increased solute diffusivity for 
injured cartilage samples as compared to control, ranging from approximately 28% 
for iodide and up to >100% for fluorescein isothiocyanate-dextran. This reflects the 
direct relationship of solutes transport with the composition and integrity of the 
cartilage network. 

Considering the importance of the cartilage/bone interface in osteoarthritis, 
several studies have tried to reveal the permeability profiles of the tidemark region, 
the calcified zone of articular cartilage and the subchondral bone plate, using 
fluorescence imaging techniques. Arkill et al. [102] demonstrated the permeability 
of the calcified layer and tidemark of horse articular cartilage in presence of small 
tracers and recognized the heterogeneous nature of this area. The fluorescence 
intensity profile along the cartilage tissue depth is shown in Fig. 6b.

Another experiment was performed by Pan et al. [126] in which they quantified 
the permeability of bone/cartilage interface in different mice models of osteoarthritis 
using fluorescein solution. DMM1 operated and aged groups respectively showed 
37.5% and 31.2% reduction in calcified cartilage diffusivity as compared to normal 
young mice. 

Discussion 

In this review, we aimed to discuss changes in the biomechanical and physical 
behaviours of cartilage tissue with osteoarthritis at different scales. Many researchers 
have attempted to discover molecular mechanisms in osteoarthritis. Generally, the 
disruption in the homeostasis of articular cartilage can be explained by the loss of 
vital balance between anabolic and catabolic molecular pathways. The chondrocyte 
as the singular cell type of articular cartilage performs important functions by 
producing various kinds of inhibitory or stimulatory mediators, which are all 
essential to cell-cycle maintenance. Any changes in the chondrocyte phenotypes 
can therefore be interpreted as change in the normal structure-function relation and 
indicates disruption in their regular interaction with the ECM [59, 64, 66, 67]. 

There is a hierarchy of indentation experiments in terms of the range of applied 
force, the indentation depth across the cartilage thickness and the spatial variations 

1- Destabilization of medial meniscus
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[74, 75, 77]. As it is described in table 1, the upper and lower values of load and 
deformation slightly overlap, implying that an appropriate indentation test should 
be chosen based on the specific purposes. 

From the biomechanical viewpoint, at the macro-scale (with average deformation 
in the range of mm), the equilibrium modulus, strain rate dependent stiffness, and 
the subsequent linear or nonlinear responses are important parameters especially 
in compression tests [101-103]. The mechanical behaviour of cartilage could be 
also studied at the micro-scale (with average deformation in the range of µm) in 
which case the load-bearing function of cartilage could be attributed to the intrinsic 
viscosity and the flow-dependent poroelasticity of the tissue. [1, 21, 83]. While 
micro-scale data provides general information regarding the mechanical properties 
of cartilage with respect to the solid matrix and interstitial fluid (biphasic model), 
nano-scale measurements (with average deformation in the range of nm) can detect 
specific changes in each component and their anisotropic nature [82, 86]. Stolz et 
al. [82, 90] found two different distributions of moduli obtained from nano-scale 
indentations on the surface of cartilage tissue, which were not detectable at larger 
scales. The method that is applied to estimate the nano-scale elastic moduli of the 
various cartilage constituents is very important. Zadpoor [127] proposed a method 
based on the finite mixture models to separate the different statistical distributions 
contributing to the histogram of the data obtained by nanoindentation. Using 
Gaussian mixture model, it is possible to determine the number of constituents and/
or regions with distinct mechanical behavior, the contribution of each constituent 
to the obtained histogram, as well as the mean and standard deviation of the elastic 
moduli corresponding to each specific constituent or region.

It is also possible to study the time-dependent behaviour of cartilage where 
applicable ranges of frequency, amplitude, and loading profiles are chosen 
to accurately mimic osteoarthritic articular cartilage [3, 98]. The study of the 
biomechanical responses of cartilage ECM and PCM during the progression of 
osteoarthritis to understand changes in cells, their peri-cellular environment, and 
local extracellular microenvironment, may provide us with valuable information 
[31, 88]. 

Although indentation-based experiments can provide important information 
regarding the mechanical properties of the cartilage tissue, the interpretation of the 
results is often difficult, because the limited reproducibility and spatial variation in 
the results of the indentation tests may lead to large variabilities in the measured 
outcomes [77, 78, 86, 87, 128]. Therefore, besides having the proper experimental 
protocol for indentation tests, utilizing advanced analytical methods that take the 
natural poroelastic behavior of cartilage into account could increase the accuracy of 
the biomechanical analyses [129-131].



Healthy and osteoarthritic cartilage 

47

2

Another evidence of integrity loss in the collagen matrix due to osteoarthritis is 
the change of the swelling behavior in different cartilage zones, which is accompanied 
by enhanced water content [82]. This phenomenon is related to the GAG content, the 
associated fixed charge density, the collagen content and the fiber orientation. GAG 
chains seem to play an important role in determining the poroelastic properties of 
cartilage via their influence on both diffusivity and frictional performance. Since 
GAGs are negatively charged, the hydraulic permeability and the subsequent cell 
signaling pathways are influenced by their deformation [3, 23, 84]. GAG content can 
be determined through indirect indentation-based experiments or through µCT or 
fluorescent dye through following the diffusion of an appropriate contrast agent or 
tracking fluid particles penetrating into cartilage [23, 109]. 

Han et al. [35] investigated the depth-dependent aspects of osmotic pressure. 
They measured changes in the ratio of CS/KS with respect to the depth, age, and 
severity of osteoarthritis. Under compression or a pressure difference, drag forces 
differ prominently between water molecules and proteoglycans. This force balance 
has a substantial impact on the final stiffness of the articular cartilage network. 
Orientation of collagen fibers is another important parameter that creates differences 
in permeability at the macro- and micro-scales. In other words, any changes in the 
integrity of the articular cartilage matrix alters the repulsive forces and thereby 
influences the fluid flow direction, osmotic pressure, swelling, and the pre-stress of 
the cartilage network [59, 63, 84].

Conclusion

As cartilage degenerates, for example, in the early stages of osteoarthritis, the 
mechanical properties can be considered important indicators of the cartilage 
behaviour. This paper therefore aimed to present a comparative overview of the 
biomechanical features of both normal and osteoarthritic articular cartilage tissues 
at different length scales. This kind of information could be helpful when performing 
studies on the biomechanics or physics of cartilage tissue to enable development of 
improved cartilage repair approaches. Moreover, since osteoarthritis is a disease 
affecting the entire joint, we also discussed the role of pre-articular subchondral 
bone and changes in the whole cartilage matrix [7, 18, 39, 88, 132]. The principal 
mechanisms involved in osteoarthritis can be classified into mechanisms working 
at macro-, micro- and nano-scales and therefore investigation of cartilage 
biomechanical integrity from homogenized tissue levels to molecular scales can 
undoubtedly catch accurate description of its functioning (Table 1).  

Improved understanding of the pathways leading to osteoarthritis and the 
molecular mechanisms involved in the disease manifestation could makes it 
possible to connect the obtained information via mechanical and chemical analyses 
to the biological response of chondrocytes. Drawing the big picture of how the 
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mechanical and physical properties of cartilage relate to the physiological function 
of the tissue and development of osteoarthritis could help to design and optimize 
more efficient approaches to translational research, cartilage tissue engineering, 
and mechanobiological applications [18, 59].
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Abstract

Nanoindentation is an (almost) noninvasive method for obtaining the material 
properties of different types of materials from the interpretation of experimental 
data related to indenter load (P) and penetration depth (h). In most cases, the 
material properties that are obtained by nanoindentation are elastic modulus 
(E), shear modulus (G), and hardness (H). The main advantages of this method 
are that no extensive preparation of the test specimen is required and that the 
mechanical properties can be probed at small scales. Moreover, nanoindentation 
test procedure is automated and the test equipment is easy to use. In this paper, we 
review different analytical methods that could be used for obtaining the mechanical 
properties of biomaterials based on the force-displacement curves generated by 
nanoindentation machines. Some of practical issues including the different types of 
machines and tips, calibration of nano-indentation machines, sources of error, and 
specimen preparation are also briefly discussed. The main interest of this paper is 
the elastic behavior of biological tissues and biomaterials. Nevertheless, there is one 
section on elasto-plasticity, because purely elastic deformation of linearly elastic 
materials is difficult to achieve. The analytical solutions found in the literature for 
different material models are presented including the relationships found for linear 
elastic, elasto-plastic, hyperelastic, viscoelastic, and poroelastic materials. These 
material models are relevant material models for studies of biological tissues and 
biomaterials.
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Introduction

In order to understand how different types of biological tissues perform their 
functions inside the human body or to develop artificial materials that could replace 
them, it is important to know their mechanical properties. Biological tissues need 
to have certain mechanical properties in order to fulfill their role inside the human 
body[1-3]. Most obvious examples are bones and cartilage that have important 
mechanical functions and their ability to fulfill these functions depend primarily 
on their mechanical properties[4, 5]. Moreover, alteration in the mechanical 
characteristics of biological tissues could be symptoms of diseases. Previous 
research studies have illustrated that the cartilage stiffness changes in the early 
stages of osteoarthritis[6] when no other symptom, including the visual appearance 
of collagen network can be identified and used for diagnosis of the disease. 

Depending on the type of material response, different mechanical properties 
need to be measured. When dealing with elastic materials, Young’s modulus of 
elasticity is a particularly important mechanical characteristic to be measured[7, 
8].  Most biological tissues and biomaterials exhibit some type of elasticity within a 
certain range of loading.

There are many different types of mechanical tests that can be used for 
measurement of the mechanical properties of tissues. These tests include uniaxial 
tensile and compression tests, biaxial tensile, compression, or combined tests, bulge 
test, hardness test, large-scale indentation, and nanoindentation. Most of these test 
procedures, for example, tensile and compression tests require special preparation 
of material samples. In order to test material samples using compression or tensile 
test, the test specimen needs to be prepared in certain size and shape so that it can 
be clamped in the test equipment. The shape is also optimized to guarantee uniform 
stress and strain distribution within the gauge length. These requirements regarding 
shape and size often pose a problem when dealing with samples of biological tissues 
such as articular cartilage. Samples of biological tissues are relatively thin, may be 
composed of several layers with different mechanical properties, are limited in size, 
and often do not have a regular shape. 

Nanoindentation is an (almost) noninvasive method for measurement of the 
local material properties of biological tissues and biomaterials using experimental 
results of the load, P, and penetration depth, h, of the indenter. Forces are usually 
in milli-Newton range with the resolution of a few nano-Newtons. The depths of 
penetration are in the range of micrometers with less than a nanometer resolution[8]. 
In most cases, the material properties that are obtained by nanoindentation are 
elastic modulus (E) and hardness (H)[8, 9]. The main advantages of this method 
are in that no extensive preparation of the specimen is required, the mechanical 
properties can be measured at the micro- and nano-scale, the testing procedure is 
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automated, and the equipment is easy to use[10].

Although it is simple to appropriately use the equipment and obtain the force-
displacement curve, it is not always easy to interpret the data. Interpretation of data 
requires information regarding the mechanical behavior of the tested material. For 
example, one needs to know whether the material shows linear or nonlinear, time-
dependent or (almost) time-independent, isotropic or anisotropic, single-phase or 
biphasic elastic behavior. Proper material models can then be chosen for proper 
interpretation of force-displacement data. This is especially true for biological 
materials that usually exhibit significant time-dependent properties (viscoelasticity 
and/or poroelasticity)[10]. Since standard procedures of commercially available 
nanoindentation machines are often derived for indentation of elasto-plastic 
materials, these relationships are inappropriate for viscoelastic or viscoelastic-
plastic materials[11]. Although the nanoindentation instruments have significantly 
evolved during the past decades, such tests still require significant skill to ensure 
accuracy in interpretation of the data.

There are two main approaches for calculating material properties from force-
displacement curves obtained by nanoindentation tests, namely analytical and 
computational approaches. Analytical methods aim to derive analytical expressions 
for determining the mechanical properties of materials. Analytical techniques are 
mostly used for simpler material responses like linear elasticity, although there 
are analytical techniques developed for viscoelastic and poroelastic materials. The 
main advantage of analytical expressions is that they are easy to use, meaning 
that one could calculate the mechanical properties of tested material in a short 
time and without any computational expertise. The main downside of analytical 
techniques is that they are often derived for simplified test conditions that may be 
difficult to emulate in actual tests. Computational methods are often used when no 
analytical solutions are available for the specific conditions of the test. Examples 
include the evolution of the plastic zone beneath the indenter[8] and application of 
advanced poroelastic theories like fiber reinforced poroelastic model (FRPE)[12]. 
The finite elements method is the most often employed computational method 
and is especially suitable for finding solutions to non-linear problems, since such 
problems are usually solved using iterative procedures[8]. The major advantage 
of computational models is that they could handle the actual test conditions and 
require much less simplifying assumptions. However, computational approaches 
are often more time-consuming and require significant computational expertise.

The primary purpose of this study is to review the analytical solutions that 
have been derived for interpreting the force-displacement curves obtained for 
biological tissues and biomaterials. The paper is divided into several sections. The 
first section briefly explains some practical aspects of nanoindentation and reviews 
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nanoindentation tip geometries. Subsequent sections deal with the different 
material models that are often used for explaining the elastic mechanical behavior 
of biological tissues and biomaterials and include linear elasticity, elasto-plasticity, 
hyperelasticity, viscoelasticity, and poroelasticity. The paper continues with a 
section on the application of the nanoindentation technique for characterization of 
biological tissues and synthetic biomaterials. The concluding section of the paper 
discusses the pros and cons of the nanoindentation technique and the analytical 
relationships reviewed in the previous sections, the validity of the obtained results, 
and the limitations of the testing techniques and analytical relationships. 

Practical aspects of nanoindentation

Nanoindentation tests are dependent on thermal expansion, mechanical vibration, 
and acoustical noise. In order to minimize the impact of thermal expansion, specimen 
and indenter need to be in thermal equilibrium[8]. The indenter is connected to a 
shaft that needs to be very stiff and lightweight in order to minimize compliance. 
It must be firmly connected to the indenter shaft and have a minimal compliance 
in order to get accurate readings. This is why indenters are produced from hard 
materials, like diamond. The downside of using diamond for making indenters is 
that it is very brittle. Cleaning and removing all contaminants from the indenter is 
an important procedure. Diamond indenters can be cleaned using a block of dense 
polystyrene by pressing the indenter into it. 

The nanoindentation equipment can be controlled in two principal ways, namely 
load-controlled and displacement-controlled. In load-controlled machines, the load 
imposed on the specimen is the input variable and the displacement is measured 
at any imposed load. In displacement-controlled machines, the input variable is 
the imposed displacement and the reaction force of the material is measured. Most 
nanoindentation devices are load-controlled[8]. The choice between force and 
displacement control is dependent mostly on the material type being tested. When 
fractures occur in the material sample during nanoindentation testing, the slope of 
the P-h curve will change in case of load-controlled machines. With displacement-
controlled machines, the slope of the P-h curve will not change during fracturing, 
so the onset of fractures cannot be detected with displacement-controlled 
machines[10]. When testing viscoelastic or poroelastic materials, two types of test 
are usually being performed: creep and load relaxation tests. In creep tests, the load, 
P(t), is constant and displacement h(t) changes with time. This requires use of load-
controlled machines, because a constant value of load must be maintained. For load 
relaxation tests, the displacement h(t) is constant and the load P(t) changes with 
time. In this case, displacement-controlled machines are required[13].

Several types of nanoindenter tip geometries are used in nanoindentation 
tests, namely cylindrical (flat) tips, spherical tips and conical (pyramidal) tips. 
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Different tip geometries are used for studying different types of materials. Material 
microstructure will also dictate the tip size, since it has to be larger than the smallest 
constituent of the material (like the size of the cell, fiber or crystal that a certain 
material is made of)[7]. For indentation of soft tissues, the hydration state of the 
material sample is crucial for obtaining correct results, because many tissues exhibit 
poroelastic behavior that is greatly dependent on the amount of fluid absorbed by 
the tissue[7, 14].

The main advantage of cylindrical (flat) tips is that the resulting unloading 
curve remains linear, because the cross-section area of flat indenter tips does not 
change with indentation depth. This also implies that the contact area does not 
depend on the penetration depth, because it can be easily calculated from the radius 
of the indenter[8]. The main problem with flat (cylindrical) indenters is that the load 
is concentrated on the outer edge of the indenter[7, 15].

Normally, spherical indenters are the preferred option for indentation of soft 
materials (soft tissues or polymers), because they minimize plastic deformation 
and stress concentrations[7]. Unlike flat indenters, the area of contact changes with 
depth for spherical indenters, but this area can be easily calculated from indentation 
depth and the radius of the indenter[8]. 

Several types of pyramidal tips are in use today: Berkovich, Vickers, and 
Knoop. The main difference between these indenters is the face angle (or half angle) 
of the tip. A Berkovich indenter is a three-sided pyramid indenter with a half angle 
of 65.27°[8]. The original Berkovich indenter with a face angle of 65.0333° has the 
same area to depth ratio as the Vickers indenter[8]. Another important geometry 
parameter is the equivalent cone angle. This is the tip angle of a conical indenter 
for which the conical indenter will have the same ratio between the surface area 
and the depth of indentation as the chosen pyramidal indenter. For a Berkovich 
indenter, the equivalent cone angle is 70.296°[8]. Vickers indenter has a four sided 
pyramidal shape with a face angle of 68° and has the same equivalent cone angle 
as the Berkovich indenter[8]. Cube corner indenters are more acute than Vickers 
and Berkovich. The face angle and the equivalent cone angle are 35.26° and 42.278°, 
respectively[8]. The Knoop indenter is similar to Vickers, but has unequal lengths of 
edges, resulting in an impression with uneven diagonals (longer diagonal is around 
seven times longer than the shorter one). The face angles are 86.25° and 65°. The 
equivalent cone angle for Knoop indenter is 77.64°[8, 16].

Knowledge of the exact indenter tip geometry is crucial, because it is very hard 
to measure the surface area of the impression left by the indenter on the surface of 
the material. The surface area is therefore calculated using the depth of impression 
that can be established from the force-displacement curve[8, 9]. The surface area 
of the impression on the material is important because it is used for calculating 
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material properties such as hardness (H), stiffness (S), and Young’s modulus (E). 
The relation between the cross-sectional area and the distance from the tip of the 
indenter is shown by the indenter area or shape function[9, 17].

Depending on the type of material we wish to examine, a suitable indenter tip 
must be chosen. Different types of indenter tip geometries are suitable for studying 
different types of material responses (linearly elastic, viscoelastic, elasto-plastic, 
hyperelastic, and poroelastic) depending on both the loading function and choice 
of indenter tip[10].

In most cases, the displacement should be limited to around 10% of the material 
sample thickness to avoid possible interactions with the substrate that the sample is 
resting on[8, 18, 19]. Chen and Diebels[19] report that if the stiffness of the substrate 
is much larger than the stiffness of the material sample (100 times stiffer), there will 
be no effect of the substrate on the force-displacement data.

Viscoelastic and especially poroelastic materials change their material 
properties depending on the level of hydration and the type of fluid used. Drying 
will increase the modulus of elasticity, tensile and bending strength, while reducing 
fracture toughness[20]. If the bone is hydrated using ethanol instaed of water, elastic 
modulus will increase by a factor two from the hydrated to dehydrated state[21]. 
Tensile tests on demineralized dentin also has shown changes in the elastic modulus 
of the material depening on the type of fluid used (water, methanol, or acetone). 
The elastic modulus was 11 MPa when water was used, while methanol and aceton 
resulted in the elastic moduli of respectively 43 and 132 MPa[22].

One of the problems that occur during nanoindentation of soft and viscoelastic 
materials (with Young’s moduli smaller than 100 MPa) is that even the smallest force 
will cause the material to creep or deform due to high compliance[23]. This makes 
it hard to determine the position of the indenter on the surface of the material.  The 
position of the indenter is crucial for determining the correct depth of indentation. 
This can be solved by oscilating the tip at low amplitudes[24]. When the tip reaches 
the surface, it’s oscilation will be damped. 

Adhesive forces between the sample and the material may also cause problems 
with determining the position of the tip on the surface of the material particulalry 
when indentation is done at small scales and using atomic force microscopy (AFM) 
machines. When adhesion forces are strong, the tip will “jump into contact“ and that 
will be visible on the force-displacement curve as a negative load. It is customary to 
define the point where the force is minimal as the point of contact[25].

Another solution to the contact point problem is using the tare value of the 
tip. The tip is lowered manually and tare value is monitored. Increasing tare value 
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signals that the tip has reached the surface of the sample. As soon as this happens, 
the tip is raised 1 micron above the sample surface. This could be used as the starting 
position for performing measurements[25].

linear elastic materials

Linear elasticity is the simplest type of material response. The stress and strain 
relation is governed by a constant elastic modulus (E), which is the most important 
material property that needs to be obtained from nanoindentation tests. Elastic 
deformation is time independent, rate independent, it has no threshold and, it is 
reversible[10]. Hertz theory of elastic contact is normally used as a fundamental 
theory for the analysis of nanoindentation results. 

This theory relates force to depth of penetration (displacement) for 
different combinations of indenter and material geometries. For the purpose of 
nanoindentation tests, the contact is always between a certain geometry of the 
indenter and a flat surface (material specimen is usually flat)[8]. The slope of the 
force (P)-displacement (h) curve is called stiffness (S) and is defined as[9]:

dPS
dh

=

Cylindrical indenters

Based on the Hertz theory of elastic contact, force and penetration depth can be 
directly related through the following equation[8]:

*2P aE h=                                                                                                      (1)

where E* is the combined elastic modulus of the indenter and material specimen, a 
is the radius of cylinder, h is the depth of penetration, and P is the loading force. The 
combined elastic modulus E* is defined as[8]:

( ) ( )2 '2

* '

1 11
E E E

ν ν− −
= +  

where ν’ and E’ apply to the indenter properties and ν and E apply to the material 
specimen.

By differentiation the force with respect to elastic displacement, the slope of the 
loading curve is obtained[8]:

*2dP E a
dh

=                                                                                         (2)

As can be plainly seen from eq. (2) for cylindrical indenters, by calculating the 
slope of the load-displacement curve and using only the radius of the indenter, it is 
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theoretically possible to obtain the elastic modulus. The elastic modulus can also be 
estimated using the contact area (A)[8]:

                                                                                                                                                   (3)

Conical indenters

An analytical solution for elastic contact between a conical indenter and elastic half-
space was derived by Hertz[8]:

22P a Ecotα
π

=                                                                                                         (4)

where a represents the radius of the circle of contact, E is the Young’s modulus, and 
α is the cone half- angle.

Spherical indenters

The force-displacement relationship is derived from Hertz equation for elastic 
contact between a sphere and elastic half space[8]:

1 3
* 2 24

3 eP E R h=                                                                                                         (5)

where he is the elastic deformation, R is the indenter radius, and E* is the combined 
elastic modulus.

Using Eq. (5), we can obtain the following expression for stiffness (the slope of the 
loading curve)[8]:

1 1
* 2 22 e

dP E R h
dh

=                                                                                                                     (6)

elasto-plastic deformations

In real nanoindentation tests, it is often hard to produce only elastic deformation. 
Usually, elastic deformations are coupled with plastic deformation, so the resulting 
load-displacement curve displays elasto-plastic material response. The Young’s 
modulus can be determined from such load-displacement curve by using only the 
slope of the unloading curve. That is because during loading a combined elasto-
plastic deformation occurs, while unloading is purely elastic (Fig. 1)[9, 26]. Analytical 
solutions are the same as for purely elastic deformations. The only difference is that 
the unloading part of the force-displacement curve must be used.

Except for the cylindrical indenters, the unloading curve for other types of 
indenters is not linear because the surface area of contact changes with depth[9, 
18]. Most authors consider that the initial portion of the unloading curve is linear[8, 
18], although some authors disagree with that[9]. Doerner and Nix[18] based their 
claims on the fact that in the initial part of unloading, the contact area between 

π
AE

dh
dp *2=
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the material sample and the indenter remains constant for all types of indenter 
geometries, so the initial part of the unloading curve must be linear. Oliver and 
Pharr[9] conducted a number of indentation experiments and found that the initial 
portion of the unloading curve is almost never linear except for the case of cylindrical 
indenters. Nevertheless, in most cases the initial portion of the unloading curve is 
used to determine the elastic modulus and it is considered to be linear.

Figure 1. Load-displacement curve for cylindrical indenters[8].

Cylindrical indenters

Depth of penetration is made of two parts: the depth of residual impression (plastic 
deformation), hr, and the elastic displacement during unloading, he. By differentiation 
of force with respect to elastic displacement, the slope of the unloading curve is 
obtained using Eq. (2). The elastic modulus can also be estimated using the contact 
area in the same way as for the purely elastic indentation[8] using Eq. (3).

Conical indenters

Pyramidal indenters are considered to be conical since the pyramidal geometry 
has a negligible impact on the final result[8, 27]. The initial part of the unloading 
curve made with Berkovich pyramidal indenter is linear for a broad range of 
materials[18]. This means that equations for cylindrical indenters can be used to 
calculate the contact area for conical indenters from depth measurements. When 
the material specimen is being unloaded using a conical indenter, the contact radius 
remains constant until the material sample stops conforming to the indenter shape. 
This results in linear initial part of the unloading curve.
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Figure 2. Load-displacement curve for conical indenters[8].

The derivation of analytical solution starts with the expression for contact 
between a conical indenter and elastic half-space derived by Hertz[8] (Eq. 4). Fig. 
2 depicts the P-h curve for conical indenters. It can be seen that the initial part of 
the unloading curve is linear, when the contact area between the indenter and 
material sample remains constant. If the indenter were cylindrical, the unloading 
curve would have followed the BD path. In reality when using conical indenters, 
the unloading curve follows the BC path that is non-linear. Using the P-h curve and 
the linear unloading approximation, the depth of residual impression (hrc ) can be 
obtained (Fig. 2)[8]: 

rc c max ech h h h= = −                                                                                                             (7)

where the parameters of the equation are defined in Fig. 2. For Vickers and 
Berkovich indenters, the relationship of projected area Ap of indentation and the 
depth of residual impression hc is[8]:

224.5p cA h=                                                                                                                 (8)

Using the equation for the unloading curve slope for cylindrical indenters and 
Eq. (6), we obtain the following expression for the slope of the initial part of the 
unloading curve for conical indenters[8]:

* 24.52 c
dP h E
dh π

=                                                                                                             (9)
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The cylindrical method is a good approximation for conical indenters only when the 
initial part of the unloading curve is linear and hrc << hmax. This holds for materials 
with no significant elastic recovery (E/Y ratio is large, where E is the elastic modulus 
and Y is the yield stress). For highly elastic materials where hrc >> hmax, cylindrical 
method approximation will lead to large errors[8]. For finding the solution to the 
problem of a non-linear unloading curve, Oliver and Pharr[9, 17] started with load-
displacement relationship for simple punch geometries derived by Sneddon[28]:

( )m
fP h hα= −                                                                                                            (10)

where α and m are indenter geometry constants, h is the maximum penetration 
depth, and hf is the depth of residual plastic deformation (Fig. 3). The exponent m 
has a value of m=1 for flat cylindrical indenters, m=2 for conical indenters, and m=1.5 
for spherical indenters.

Figure 3. Indentation depths[9].

Based on Eq. (10), Oliver and Pharr derived a general equation for the slope of the 
P-h curve (elastic unloading stiffness) that applies to any axisymmetric indenter and 
takes into account the nonlinear property of the elastic unloading curve[17].

*2dPS E A
dh

β
π

= =                                                                                                        (11)

A correct value of the correction factor β is essential in order to obtain a correct value 
of the elastic modulus E and hardness H when plastic material response is measured. 
The value of the correction factor β is equal to 1 for small indentations made by 
axisymmetric indenters. Small deformations can be achieved by using indenters 
with a half-angle close to 90°, meaning that in most real cases the small deformation 
criterion will not be met. King[29] used numerical methods to obtain the value of 
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the correction factor β for flat-ended indenters. He reported that for square-based 
indenters, β=1.012 and for triangular based indenters, β=1.034. For instrumented 
indentations using Berkovich indenter (triangular pyramid), a value of β=1.034 is 
used. Using a more precise method, different values of the correction factor β were 
found by Vlassak and Nix[30] for flat-ended triangular indenter, β=1.058. Using 
simple elastic analysis procedures and assuming that pressure profile is perfectly 
flat, Hendrix found the values of correction factor β=1.0055 for Vickers indenter 
and β=1.0226 for Berkovich indenter[31]. Using a full 3D finite element analysis for 
purely elastic materials, Larsson et al.[32] showed the relationship between β and 
Poisson’s ratio[32]:

                                                                                                                                      (12)

Assuming that ν=0.3, the correction factor β=1.14. This value of correction factor β 
is generally applicable to indentation of flat elastic half-space and does not consider 
distortion of the surface caused by plastic deformations. 

Cheng and Cheng[33, 34] calculated the values of β for a wide range of materials, 
both work-hardening and non-hardening, using finite elements method. They 
found that β is independent of both the Poisson’s ratio and E/Y (elastic modulus and 
yield strength ratio). For non-hardening materials, they found a value of β=1.05 and 
for work-hardening materials β=1.085. There are slight inconsistencies in the results 
of the two papers by Cheng and Cheng, so the question remains which values are 
correct or if they are correct at all[17]. Oliver and Pharr[17] found that the value 
found by King[29] β=1.034 produces good results with errors not larger than 6.5% in 
contact area and hardness. Oliver and Pharr[17] concluded that the correction factor 
β falls inside the range of                                and chose β=1.05 as an optimal choice 
with a expected range of error of ±0.05.

Spherical indenters

As mentioned before, Oliver and Pharr[9, 17] indicated that the unloading response 
for most materials is non-linear which led them to apply a power law relationship 
between load and displacement of a cone instead of linear relationship of a flat 
cylindrical indenter[8]. Field and Swain[35] applied elastic equations directly to the 
unloading force-displacement curve, not to the slope of the curve, but this method 
seems to be applicable to the other types of indenters as well[8]. The relationship 
between the applied load and displacement is derived from Hertz equation for 
elastic contact between a sphere and elastic half space[8]:

1 3
* 2 24

3 eP E R h=                                                                                                           (5)

where e max rh h h= −  and hmax is the maximum depth, while hr is the depth of the 
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residual impression (depth of plastic deformation) (Fig. 4).

Using Eq. (5), we obtain the equation for stiffness (the slope of the unloading curve)
[8]:

1 1
* 2 22 e

dP E R h
dh

=                                                                                                           (6)

Figure 4. Load-displacement curve for spherical indenters[8].

hyperelastic materials

Hyperelastic materials have a non-linear stress-strain relationship. The Young’s 
modulus E relates stress and strain in linear elastic materials, while in hyperelastic 
materials they are related through strain energy functions W[19, 36]. 

Many different types of strain energy functions could be used, but most 
researchers have so far used Neo-Hookean and Mooney-Rivlin strain energy 
functions because of their simplicity[19]. Hyperelastic material properties at 
low strains are described using Neo-Hookean[37], while hyperelastic material 
properties at moderate strain are best described using Mooney-Rivlin strain energy 
function[37, 38]. Neo-Hookean and Mooney-Rivlin models cannot be used for 
describing material behavior at large strains, so some authors looked into other 
hyperelastic models, such as Yeoh’s model[19]. Nevertheless, the Neo-Hookean and 
Mooney-Rivlin functions proved to be adequate for use in nanoindentation tests, 
since strains remain small during nanoindentation testing[39].
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Cylindrical indenters

The main advantage of cylindrical indenters is the linear relation between load and 
displacement, which makes it easy to determine the slope of the load-displacement 
curve without knowing the initial point of contact[40]. 

Choi and Shield[15] derived an analytical expression for calculating the shear 
modulus from force-displacement data. Their formula shows the relation between 
the force and displacement for compressible and incompressible materials. The 
solution is made out of two parts, first order and second order load. For compressible 
materials the solution cannot be found because singularities occur at the cylinder’s 
edge, so the expression is only made out of first order load[15]:

4
(1 )
GdP α
ν

=
−

                                                                               (13)

where G is the shear modulus, d is vertical displacement, α is the radius of the 
impression (which is the same as the radius of the cylindrical indenter) and ν is the 
Poisson’s ratio.

For incompressible materials the singularity at the indenter’s edge disappears and 
the expression for the force is made out of first and second order[15]:

24 74
(1 ) 15
Gd GdP α
ν π

= −
−

                                                                               (14)

Conical indenters

Giannakopoulos and Panagiotopoulos derived relations between the P-D (force-
displacement) response and mechanical properties for cone indenters[36]. They used 
a second order non-linear analysis to derive the relationship between indentation 
depth, contact radius, half angle of the cone, and the applied load P. 

It should be emphasized that Giannakopoulos and Panagiotopoulos use the angle φ 
between the cone and material sample and the cone half angle is defined as (Fig. 5).

Although adhesion and friction might have an influence at some cone angles, 
they were ignored in order to simplify the solution. The material is also considered 
to be incompressible (Poisson’s ratio is 0.5). In that paper, three types of hyperelastic 
strain functions were analyzed: Mooney-Rivlin function, Gent function, and one-
term Ogden function.

The relationship between the force and displacement was defined as[36]:

                                                                                                                                      (15)
ϕπϕπ tan3
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=D                                                                                                                  (16)

where P is force, D is displacement, E is the Young’s modulus, G is the shear 
modulus, and φ is the cone half-angle.

Figure 5. Cone angle as defined by Giannakopoulos and Panagiotopoulos[36].

The Mooney-Rivlin strain energy function can be stated as follows[36]:

( )1 1 2 23 ( 3)W c I c I= − + −                                                                                (17)

where I1 and I2 are the invariants of the left Cauchy deformation tensor and c1 and 
c2 are material constants, c1+c2 > 0. If c2 =0, the Mooney-Rivlin model reduces to Neo-
Hookean. 

The value of c1 and c2 cannot be calculated independently, but their sum can be 
obtained from the shear modulus at zero strain using the expression[36]:

G = 2 c1 + c2( )                                                                                                      (18)

Wagner[41] showed that c1=c2 for small values of c1 (not more than 0.1 MPa in case 
of natural rubber).

Giannakopoulos and Panagiotopoulos[36] used the finite element analysis to 
conclude that the results obtained for Mooney-Rivlin materials can be obtained by 
liner elastic analysis with more than 95% accuracy, but only when blunt cones are 
used. They also showed that the c2 constant has to be larger than zero, otherwise the 
indentation problem cannot be solved. As it was mentioned before, Bushfield and 
Thomas[39] reported that this unusually good prediction of the linear elastic theory 
was the result of small strains during nanoindentation experiments. Giannakopoulos 
and Panagiotopoulos[36], however, report that the strains were around 50%, where 
the Mooney-Rivlin model is valid. It is unusual and unexpected that a material 
strained up to 50% shows linear elastic behavior. The type of substrates used in their 
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study[36] was listed as one of the reasons why linear elastic material model could 
provide such an accurate description of the material behavior. New redundant 
studies in similar setting are required to establish whether the applied methodology 
is valid and the results obtained could be reproduced. In any event, the reported 
results may at best apply only to the special testing conditions (substrate, indenter) 
and material (elastomeric) used in that study and cannot necessarily be generalized. 
The answer may be in the cone angle, since other authors also report that sharper 
cone angles produce larger strains[8]. It is not clear if these results are valid for 
pyramidal indenters like Vickers, Berkovich or Knoop, but Giannakopoulos and 
Panagiotopoulos proved they are valid for blunt pyramids. Fischer and Cripps[8] 
also reported that the results obtained using cone and pyramid indenters could be 
analyzed using the same formulas, because the ratio of the diagonal or the radius 
of contact to the depth of penetration will remain constant as the indenter load 
increases.

Spherical indenters

For contact analysis between a rigid spherical indenter and an incompressible and 
isotropic hyperelastic material, a solution can be found only when the indentation 
is not very deep, if the ratio of the indentation radius to the radius of the indenter 
is very small[38]:

1
R
α
<<

There are a few studies that tried to provide analytical solutions to contact problems 
between a spherical indenter and a hyperelastic material sample. First study was 
performed by Choi and Shield[15]. For incompressible rubber materials, they 
derived the following relationships for predicting the load P and the depth of 
indentation D[15]:

316
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α

=                                                                                                          (19)
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D
R
α

=                                                                                                                          (20)

where G is the zero strain shear modulus, α is the contact radius (radius of the 
impression on the material sample), and R is the indenter radius. These equations 
predict linear elastic response for the contact problem of a spherical indenter and 
hyperelastic material.

Second analysis was done by Sabin and Kaloni[42] who derived the following 
equations for calculating the force P and the indentation depth D[42]:

2 41 (1 2)
3
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π
 = − −  

                                                                                (21)
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                                                                             (22)

Giannakopoulos and Triantafyllou started their analysis with a strain energy 
function suggested by Murnaghan[43]:

2 3
1 2 1 1 3 1 2 4 1 5 3W J J J J J Jα α α α α= + + + +                                                                           (23)

where α1, α2, α3, α4, α5 are constants and J1, J2, J3 are the Lagrange strain tensor 
invariants.

In case of uniaxial response, Eq. (23) reduces to:

21
1 2 16

W J Jαα= −                                                                             (24)

Giannakopoulos and Triantafyllou declare that Eq. (24) does not represent real 
material response, but a fictive response that is useful in indentation analysis. 
Using Eq. (24), the following equations for the force P and indentation depth D are 
derived[38]:

2

1 0.1555D
R R
α α = − 

 
                                                                   (25)
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                                                                 (26)

It should be noticed that Eq. (26) is the same as Eq. (22) derived by Sabin and 
Kaloni[42], but Eq. (25) is different from Eq. (21). The P-D response derived by 
Giannakopoulos and Triantafyllou results in a stiffer response than the linear elastic 
solution and the one derived by Sabin and Kaloni that can be seen in Fig. 6.

Giannakopoulos and Triantafyllou[38] also derived force and displacement 
equations for Mooney-Rivlin hyperelastic response[38]:

1 1 2 2 1( 2 )W c J c J J= + +                                                                      (27)

Constants c1 and c2 can be calculated from the shear modulus at zero strain (Eq. 
(18)). If body forces should be avoided, c1 needs to be equal to c2. In this case, the 
Mooney-Rivlin strain function reads:

1 2 1 13W c J c J= +                                                                 (28)

and the second order elastic solution is equal to the linear incompressible elastic 
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solution[38]:
2

D
R
α

=                                                                      (29)
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=                                                                   (30)

The main issue with the estimation of the material properties from experimental 
data is that constants c1 and c2 can be calculated only as a sum from the zero strain 
shear modulus. This makes it impossible to derive the Mooney-Rivlin strain function 
from load-displacement curve, except for the case c1=c2[38].

Figure 6. Experimental results compared with linear elasticity and second order elasticity derived by 
Giannakopoulos and Triantafyllou (G&T) and Sabin and Kaloni (S&K)[38].

linear viscoelastic materials

Viscous deformation does not have an onset threshold and is time dependent 
and irreversible. The value of elastic modulus as a function of time or frequency 
is changed by viscous flow. Most important mechanical properties that are used 
for describing the viscoelastic material behavior are elastic modulus E, viscosity 
η, and time constant τ[10]. Time constant is defined in two ways: viscoelastic and 
poroelastic views. In the viscoelastic view, the time constant is defined as a function 
of viscosity η and elastic modulus E[10]:

 1

2

( )
( )

i
i

i

f
f E
ητ =

In the poroelastic view, the time constant is defined by the characteristic length 
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scale l and the hydraulic permeability k using the Darcy’s law[10]:

kE
l 2

=τ                                                                                                                                     (31)

The viscoelastic material response is time-dependent and comprised of instantaneous 
elasticity, delayed elasticity, and viscous flow[44]. 

There are several mathematical models that describe viscoelasticity: Maxwell 
model, Kelvin-Voight and Standard model. Most researchers use the Standard 
model to describe the viscoelastic response of polymers since this model provides 
sufficiently accurate results without being too complicated[11, 13, 44, 45]. The 
standard model is made out of a parallel connection of a spring and a dashpot 
element and an additional spring connected in series with the parallel elements. 

In the correspondence approach, which is the most common way of analyzing 
viscoelastic material behavior in nanoindentation, viscoelastic operators are 
substituted for elastic constants[46]. The aim of this method is to remove the effects 
of time-dependent material behavior on elastic modulus measurements[11]. This 
is done by removing the time variable in the governing equations using Laplace 
transformations with respect to time[44]. 

For measuring different responses of viscoelastic materials (creep or load 
relaxation), different nanoindentation control techniques must be used (load or 
displacement control). For measuring creep response, load control must be utilized 
since creep occurs when the applied load is constant[47]. For measuring load 
relaxation response, displacement control must be utilized since load relaxation 
occurs when displacement is constant[13, 44].

When dealing with viscoelasticity, loading conditions are very important for 
the validity of measurement results. Most researchers use step functions in load 
controlled indentation studies because they are analytically more convenient, but 
are impossible to implement in real experiments. A ramp correction factor is utilized 
in order to cross the bridge between the analytically convenient step loading and 
the ramp loading used in real nanoindentation experiments[48].

Cylindrical indenters

Sakai[45] derived the solution for viscoelastic indentation using the standard 
linear solid model that consists of one Maxwell element and a parallel spring 
with equilibrium modulus Ee. Sakai used a step loading function (Heaviside step 
function) and did not consider the ramp correction factor. The derivation started 
with the load-displacement relationship for linearly elastic materials derived by 
Sneddon[28]:
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nP CEh=                                                                                                        (32)

where n=1 for flat indenters, E is the elastic modulus, and C is given by[45]:

2(1 )
DC
ν

=
−

                                                                                                          (33)

where D is the indenter diameter and ν is the Poisson’s ratio.

Using the Boltzmann hereditary integral, the following relation between the load 
and displacement has been derived[45]:
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∫                                                                                     (34)

where 0 ≤ t’ ≤ t, Y(t-t’) is the relaxation function and C is the factor defined in Eq. (33) 
for flat cylindrical indenters .

The relaxation function for a viscoelastic solid is equal to[45]:

( ) 0 exp e
tY t E E
τ

 = − + 
 

                                                                                                           (35)

where E0 is the elastic modulus responsible for the initial elastic response (lower 
slope in Fig. 7), Ee is the long-term elastic modulus responsible for the secondary 
elastic response (upper slope in Fig. 7), t is the complete time of the indentation test, 
and τ is the relaxation time.

Sakai assumed a constant penetration rate v0 that results in[45]:

( )' 0 'h t v t=                                                                                                    (36)

Using Eq. (35) and (36) and replacing them in Eq. (34), Sakai obtained the final 
expression for indentation load[45]:

                                                                                                                                     (37)

where  is the normalized penetration depth[45]:
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   Figure 7. Normalized indentation load versus time (or depth) for a flat cylindrical indenter[45]. 

Cheng et al.[13] derived their solution for viscoelastic nanoindentation using a 
three element model, where a Kelvin-Voight model with a parallel spring (E2, ν2) 
and a dashpot (η) is connected in series with another spring (E1, ν1), Fig. 8. Three 
different loading conditions were assumed: a single step function (Heaviside step 
function), multiple step function, and an arbitrary loading function. Cheng et al. 
derived their solutions both for load control (creep test) and displacement control 
(relaxation test) unlike Sakai[45] who derived their solutions only for displacement 
control. Nevertheless, both the creep and relaxation tests should yield the same 
solution. Only the solution for an arbitrary load and displacement histories will be 
presented here since that is the most general solution and because there have been 
some concerns regarding the validity of using a Heavisde step function since it 
cannot be applied to real nanoindentation experiments[48].

Figure 8. Three element viscoelastic model[44].

Using Boltzmann superposition principle, Cheng et al.[13] derived the following 
expression for relaxation response[13]:
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where R is the indenter radius and Gr(t) is the relaxation modulus[13]:
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where K is the bulk modulus and G is the shear modulus defined as[13]:
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and creep response is stated as follows:
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where R is the indenter radius and Jc is the creep compliance[13]
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Conical indenters

Sakai[45] derived the solution for nanoindentation of viscoelastic materials using 
conical indenters in the same way as for cylindrical indenters. The load, P(t), is 
defined as in Eq. (37). The only difference is in the value of factors n and C. For 
conical indenters, n=2 and C[45]:

2 2

tan
2(1 )

gC β
υ γ

=
−

                                                                  (60)

where β is the angle between the material sample surface and the indenter, γ=π/2 for 
conical indenters, and g=πcot2 β.

Spherical indenters

Sakai[45] derived the solution for nanoindentation of viscoelastic materials using 
spherical indenters in the same way as for cylindrical and conical indenters. The 
load P(t) is defined as in Eq. (37). Again, the only difference is in the value of factors 
n and C. For spherical indenters n=3/2 and C[45]:
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where γ=2 for spherical indenters.
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Oyen[48] uses the same three element viscoelastic model as Cheng et al.[13, 44] 
and also calls it the standard model although the definition of the standard model 
is different in other sources (Wikipedia-Viscoelasticity). Although Oyen uses the 
same viscoelastic model as Cheng et al., the creep function is different in those 
two papers. Oyen derives only the solution for load control (creep test), since it is 
more convenient when ramp loading is taken into account. The solution provided 
by Oyen is valid only for incompressible materials (ν=0.5). The main difference 
between the work of Oyen[48] with the other two models described here[44, 45] is 
that Oyen uses ramp loading, which is more realistic than step loading, since step 
loading cannot be achieved in real experiments. In this way, the solution is made 
out of two parts, the ramp part and the hold part[49]:

for 0 ≤ t ≤ tR – Ramp time
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for t ≥ tR – Hold time
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where k is the slope of the ramp, R is the radius of the spherical indenter, and J(t) is 
the material creep function[49]:
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The ramp correction factor is given by the following relationship[49]:
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where τi is the time constant and tR is the rise time.

Once the factors C0 and Ci have been obtained, the shear modulus is calculated 
as[49]:
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Cheng et al.[44] derived solutions for creep and relaxation responses using 
spherical nanoindeters for step loading and for arbitrary loading history. Only 
arbitrary loading history will be presented here because of above-mentioned issues 
concerning step loading. The viscoelastic material is modeled as a three-element 
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model (Kelvin-Voight element in series with another spring, Fig. 8). 

for relaxation test[44]:
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where P(t) is the load, R is the radius of the indenter, h(τ) is the displacement 
(penetration depth), t is the time, τ is the material time constant, and Gr is the 
relaxation modulus defined as[44]:
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for creep test[44]:
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where h(t) is displacement, R is the indenter radius, P(τ) is the load, t is time, τ is 
material time constant, and Jc is the creep compliance[44]:
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Indentation experiments on polystyrene showed that the formulas fit the data with 
less than 2% deviation. Values of viscosity η and elastic modulus E2 obtained using 
creep and relaxation tests are within 2% difference[44].

Dynamical mechanical analysis (DMA)

DMA is a testing method for measuring the time-dependent properties of viscoelastic 
materials[49]. Unlike linearly elastic materials where all deformation energy is 
released during unloading, viscoelastic materials exhibit a damping effect which 
causes a partial loss of energy. Storage and loss modulus are used for measuring 
stored and lost energy during the loading-unloading procedure. The dampening 
effect also causes a phase shift between stress and strain. Phase angle is used for 
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calculating the stroage and loss moduli. In order to measure the phase angle, an 
oscilatory force needs to be applied to the material[23]. Storage, E’, and loss, E’’, 
moduli could be calculated using the following equations[50]:

A
sE π
β2

'=                                                                                                                                    (89)

where β is a constant that depends on the indenter geometry (for Berkovich indeter 
β=1,034) and A is the projected contact area. S is defined as follows[50]:
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where KS is the support spring stiffness, m is the mass of the indenter, φ is the phase 
angle associated with damping, and ω is the harmonic frequency of the applied 
load.
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and Di is indenter damping.

poroelastic materials

Poroelastic materials are composed of two phases, a solid and a fluid phase. The 
solid phase has interconnected pores that are filled with fluid. It is essential that the 
pores inside the solid matrix be connected, because this enables the fluid to move 
through the solid matrix and flow in or out depending on the type of load imposed 
on the material. This interaction between the fluid and the solid phases gives rise to 
poroelastic material response, which is similar to viscoelastic response since it also 
exhibits creep and stress relaxation, but is more complicated because it depends 
on the interaction of two different phases. In most cases, the fluid is considered to 
be incompressible, Poisson’s ratio ν=0.5, while the solid phase is considered to be 
linearly elastic and isotropic[51]. 

There are three major approaches for derivation of the same basic equations 
of poroelasticity. The main difference between these approaches is the employed 
averaging process[52]. The first approach uses a representative volume element 
(RVE) for the averaging process. This approach originates in solid mechanics and 
appears in the Biot formulation of the effective medium approach[53]. The mixture 
theory approach originates from diffusion models. The main advantage of this 
approach is that it could handle many different fluid types that may be present in 
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a relative motion[52]. For the mixture theory, the averaging is based on the density 
of each fluid type in the mixture, while for the RVE the averaging is done over a 
piece of the volume of the porous medium. For small strains, the difference in these 
two methods is negligible[52]. The third approach was developed by Burridge and 
Keller[54]2 and is called the homogenization derivation approach. Using a two-
space homogenization method, the dynamic form of the equations was derived. In 
that way, macroscopic equations that manage the medium behavior on the micro-
scale are derived.

All three theoretical approaches can be used to derive the same equations at 
the continuum level, although they are focused on different phenomena in the 
poroelastic material response. The effective medium approach explains the nature 
of the solid phase parameters. The mixture theory approach is used for averaging 
the fluid phases. The homogenization approach explains the dynamical parts of the 
theory (wave propagation)[52].

There are almost no analytical methods for determining the material properties 
of poroelastic materials using nanoindentation. Most researchers focus on 
numerical methods or FEM analysis[12, 55-57]. The analytical method that will be 
described here was developed by Oyen[51]. It describes the derivation of material 
properties from the creep response of a poroelastic material (hydrated bone) using 
an impermeable spherical indenter.  

The solid part of the poroelastic material is considered to be isotropic and 
linearly elastic. It is described using two material properties, in this case the shear 
modulus G and Poisson’s ratio ν. The fluid and fluid solid interaction are described 
using two additional parameters: the undrained Poisson’s ratio, νu and Skempton 
pore pressure coefficient, B. These four parameters completely describe the linear 
poroelastic solid, but other sets of four parameters could also be used (bulk modulus 
K instead of shear modulus G). The parameter that describes the flow through the 
porous elastic solid is called hydraulic permeability, κ, and it is utilized in the 
Darcy’s law[51]:

,i iv pκ= −                                                                                                     (93)

where vi is the fluid velocity and p,i is the pore pressure gradient.

Hydraulic permeability can be calculated using intrinsic permeability k that is 
directly related to the square of the characteristic length scale, usually the pore 
size[51] and fluid viscosity μ[51]:

kκ
µ

=                                                                                         (94)

In order to describe the material creep function, the viscoelastic hereditary integral 
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is used, developed for viscoelastic material response (Eq. 64).

Using the viscoelastic hereditary integral, the expression for displacement–time (h-
t) response following the ramp loading at finite rise times tR is derived[51]:

For t ≥ tR – Hold time
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Agbezuge and Deresiewicz[58] have presented the solution for three sets of different 
boundary conditions (indenter and half-space surface are permeable, half-space is 
impermeable, the indenter is impermeable and half-space surface is permeable) 
using normalized displacement (H*) and normalized time (T*)[51].
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where G is the shear modulus, κ is the hydraulic permeability, t is time, a(t) is 
the contact radius, h(0) is the zero-time depth of penetration, and h() is the final 
displacement following the creep exhaustion. Shear modulus and zero-time depth 
are calculated from the zero-time response[51]:

[ ] 12 (0)G J −=                                                                                              (98)

The contact radius a(t) is equal to:
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where R is the radius of the indenter and h(t) is the depth of penetration.

In this case, the half-space surface is considered to be permeable and the indenter is 
considered to be impermeable, so the normalized displacement is approximated by 
a sigmodial function[51]:
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where A, P and T0 are empirical fitting parameters A=0.928, P=2.0837 and T0=0.772.

Poisson’s ratio of the solid phase is calculated from the final displacement h()[51].
2

3( ) [2 ((1 0))]h hυ∞ = −                                                                                        (101)
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Applications of nanoindentation in biomaterial characterization

Many authors have used the nanoindentation technique for characterizing the 
mechanical properties of biological tissues (both soft and hard) and synthetic 
biomaterials. A thorough review of those studies is outside the scope of the 
current study, but we briefly review some of the interesting applications of the 
nanoindentation here to give the reader a sense of the type of applications for which 
nanoindentation could be used. 

Moyer et al. [59] could measure human meniscus stiffness with its inhomogeneous 
structure and viscoelastic and poroelastic nature in different locations by using 
a nanoindenter. They chose spherical tip which provides consistent contact area 
for obtaining micro-scale data. Also, they applied the Hertz theory for obtaining 
instantaneous mechanical characteristics with their relatively large spherical probe.

Miller et al. in 2010 [60] used fluid cell type conospherical nano-indenter probe 
to characterize the mechanical properties of bovine articular cartilage at the micro-
scale. Selecting this probe made them able to get rid of stress concentration at the 
indenter edge. Later in 2011, Cheng Li, et al. [61] measured the elastic modulus of 
porcine articular cartilage and polyacrylamide gel as a calibration material with the 
same probe geometry as in Miller’s work by applying the Hertzian model. 

For regenerated tissues, a challenging issue is to find an appropriate material 
model especially for complex biological materials such as Gel-Microfiber 
composite[62]. Interestingly, there are some other studies that specifically focus on 
tailoring the mechanical properties of biomaterials or tissue engineered scaffolds 
using nanoindentation-type AFM measurements in the fluid condition. That could 
help in manufacturing biomaterials that are capable of more closely mimicking 
the actual biological environment of tissues. In a recent study, Markert et al.[63] 
compared various types and concentrations of hydrogels used in regenerative 
medicine using the mechanical properties obtained with spherical tip. Similarly, 
Zhu et al. [64] applied the same technique with symmetric triangle tip to achieve 
more symmetric characterization of the soft collagen–chitosan scaffolds. 

Furthermore, Alan Grodzinskygi’s research group tried to discover more 
realistic estimates of the mechanical characteristics of the cartilage with respect to 
its viscoelastic and fluid flow dependent poro-elastic features [65, 66]. They applied 
different modes of indentation-type AFM measurements such as force-relaxation 
and dynamic oscillatory tests at certain frequencies. In particular, this group 
attempted to connect cartilage time dependent properties to its specific components 
using a AFM-based wide-frequency rheology system[67].

In addition to characterizing the elastic response of biomaterials, nanoindentation 



Chapter 3

92

has been used for determining the fracture resistance of the materials that undergo 
elastic-plastic deformation. For example, nanoindentation has been used for 
determining the fracture toughness of biomaterials and hard tissues[68] including 
bone cement[69] and locust cuticle[70]. Different indentation techniques including 
Vickers indentation fracture test, cube corner indentation fracture test, Vickers 
crack opening displacement test, and the interface indentation fracture test have 
been proposed for that purpose[68].

When using the nanoindentation technique, experimentalists face several 
questions regarding the correct choice of settings and the correct choice of analytical 
relationships for evaluation of the obtained force-displacement curves. Here we 
look at some of the questions that need to be carefully answered for any specific 
application.

The size and type of the tip should be selected based on the type of that strain 
that is desired to be created by the tip as well as the scale at which the mechanical 
properties are going to be probed. Spherical tips generally induce less local strains 
while cylindrical tips could create high local strain at their edges. Conical tips could 
also induce high local strain due to their relatively sharp angles. The size of the 
tip also plays a role. As the size of the tip increases, the mechanical properties of 
the biomaterial are probed at a larger (or more homogenized) scale. Smaller tips 
are therefore needed for probing the mechanical properties of the materials at very 
small scales. 

From a practical point of view, choosing the right tip geometry on the one hand 
and applying the appropriate theoretical model for mechanical properties on the 
other hand should be based on the final hypothesis regarding the type of tissue, 
magnitudes of deformation, and experimental variables.  For instance, Stolz et al.[6, 
71] and Han et al. [65] both used pyramidal and spherical tips for estimation of the 
cartilage tissue modulus. They concluded that with sharper and smaller tips, the 
results are influenced dominantly by the structure of the extracellular matrix and 
the individual constitutes of the target biological tissue. In contrast, a larger tip 
could estimate the features at the tissue level[62]. 

In addition, Stolz et al.[71] used Oliver and Pharr theory and initial portion 
of the unloading curve to avoid plastic deformation when estimating the Young’s 
modulus, while Lin Han and his colleagues[65] preferred to utilize the Hertzian 
model for spherical indentation and assumed that cartilage shows linear behaviour 
in their testing conditions to estimate the mechanical properties of cartilage 
from the loading curve. In another study, Franke et al. in 2011[72] applied the 
Sneddon’s contact theory and three-sided pyramidal Berkovich tip for measuring 
the indentation modulus of hyaline and repair cartilage from the unloading curve 
measured by a nanoindenter machine.
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The loading profile in general and loading rate in particular are also important 
factors that need to be defined prior to the test. This is more important for the 
biomaterials that show strong time-dependency in their mechanical behavior 
such as soft tissues and soft synthetic biomaterials and gels. From thermodynamic 
viewpoint, the mechanical tests could be carried out in two extreme conditions, 
namely isothermal and adiabatic conditions, and everywhere in between. Even 
though the tests could be theoretically carried out for different loading rates and 
could be related to the viscoelastic mechanical properties of the material through 
the coefficients of the Prony series, it is suggested that a loading rate close to the 
loading rate that is usually experienced by the material be applied. For biological 
tissues, the actual loading rates generally correspond to the range of loading 
rates experienced by the tissue in physiological conditions. One would therefore 
need certain analytical tools to estimate the physiological range of loading rates 
experienced by the tissue. As for the skeletal tissues, different types of physical 
models could be used for estimating the loading rates of different tissues when 
performing certain activities. The most important physical models are large-scale 
musculoskeletal models[73-76] and simpler mass-spring-damper models[77-80]. 
Both of the above-mentioned types of models could provide estimations of the 
loading rates, but the estimations provided by large-scale musculoskeletal models 
are generally more detailed and more accurate. 

Different tissues and biomaterials generally require different types of material 
models. In general, soft tissue and biomaterials exhibit more nonlinearity and 
viscoelasticity in their mechanical behavior whereas linear elastic and elasto-
plastic material models may be more appropriate for hard tissues and biomaterials. 
There are certain cases where the material being tested shows a combination of 
different properties explained by various analytical relationships. For example, a 
nonlinear muscle tissue exhibits both nonlinear elasticity and viscoelasticity. One 
would therefore need an analytical relationship based on visco-hyperelasticity for 
analyzing the force-displacement curves obtained for such materials. Since material 
models that could describe the complex mechanical behavior of all biomaterials 
and tissues are not always available, it might be necessary to choose which type 
of behavior is more important and needs to be taken into account while neglecting 
the other effects. One may, for example, decide that, for a particular application, 
nonlinearity in the response of the muscle tissue is more important than time-
dependency. The analytical relationships based on the hyperelastic theory should 
then be used for that application. The other option is to use computational models 
for characterizing the materials for which no analytical relationships are available 
in the literature. Choosing the right loading rate could potentially alleviate some of 
the problems associated with the unavailability of relationships for describing the 
time-dependency of the material behavior. If the loading rate under which the tissue 
is loaded in physiological (or pathological) conditions can be estimated reasonably 
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accurately, for some applications, the nanoindentation test could be performed 
using the same loading rate and one could shift the focus of the characterization 
from the time-dependency to nonlinearity.

Discussion

In this paper, we reviewed the analytical expressions that could be used for 
interpreting the force-displacement data obtained from nanoindentation of 
biological tissues and biomaterials. The focus of the review was mostly on the 
elastic behavior of these materials, but the elasto-plastic behavior was briefly 
touched upon. In general, the contact and indentation theories of linear elastic 
and hyperelastic materials are better developed as compared to the contact and 
indentation theories of more complex materials such as poroelastic materials. The 
literature on nanoindentation of poroelastic materials is therefore sparser.

For certain materials and testing conditions, one needs to use much more 
complex material models that were not covered here. For example, nonlinear visco-
hyperelasticity is not uncommon in biological tissues[81]. Moreover, interaction 
between solid and fluid phase almost always exists in biological tissues. Proper 
characterization of biological tissues requires taking account of all these phenomena. 
However, there are currently no analytical expressions available in the literature for 
the most complex material models and one has to resort to computational models 
for interpretation of force-displacement curves.

The other important limitations of the relationships presented here is the 
assumption that the indented surface is perfectly flat. Some theories also require 
large depth of the material to be valid. These conditions are often difficult to realize 
in practice. For example, the surface of many tissues is not flat and one may need 
additional processing and/or preparation to ensure a flat surface for indentation. 
However, the options for processing and preparation of surfaces are limited, because 
the mechanical properties of the surface should not be affected by the preparation 
or processing mechanism to create flat surfaces for indentation test. In addition, the 
depth of tested tissues may not be very large and that may invalidate the underlying 
assumption of some of analytical theories that are used for interpretation of force-
displacement data. This type of problems is encountered more often when dealing 
with tissue samples retrieved from animal models. For example, the thickness of 
the articular cartilage of murine models is in most cases in the sub-millimeter range. 
The assumption of infinite half-space may therefore be invalid for indentation of 
this kind of tissues. 

The other limitations of many analytical theories is the fact that local plasticity 
and fracture is not taken into account when the force-displacement data is 
interpreted using analytical and even computational models. Depending on the 
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indenter shape, the composition of the tissue, and the details of the nanoindentation 
test, there might be (local) plasticity and damage in the tested tissue sample[82]. It 
is important to remember that none of the analytical models presented here take 
(local) fracture into account. One therefore needs computational models for taking 
those aspects of nanoindentation into account. In particular, advanced fracture 
models that are used for engineering materials[83-87] can be implemented in finite 
element models to capture the entire physical mechanism of nanoindentation and 
use the obtained data for interpretation of force-displacement readings.

In the majority of studies that use nanoindentation for measuring the 
mechanical properties of biological tissue and synthetic biomaterial, certain 
analytical expressions similar to the ones presented in this study have been used. 
However, there are often no words regarding the validity of the applied analytical 
relationships and the expected range of errors. As already explained, the conditions 
under which the analytical relationships are valid are never perfectly met in practice. 
The application of the analytical relationships is therefore always associated with 
certain degree of error. The most important assumptions of analytical theories 
that are often violated in practice are the flatness of the surface, the half-plane 
assumptions (indefinite depth and breadth of the tested material), isotropy, 
linearity, time independence of the behavior of the material, and reversibility of the 
induced deformation. Choosing the correct material model could solve some of the 
problems associated with violating the assumptions of the analytical theories. For 
example, using hyperelastic theories could account for nonlinearity of the elastic 
(but not viscous) response of materials while viscoelastic material theories could 
account for time-dependence of the elastic response of the material. However, there 
are currently no analytical relationships that could simultaneously account for all 
involved complexities including nonlinear elastic and nonlinear viscous responses, 
anisotropy, biphasic behavior, and irreversible deformation (plasticity, fracture). 
Choosing the correct tip could also help in alleviating some other problems. For 
example, choosing a tip that does not induce severe local deformation could 
reduce the amount of irreversible deformation. There are not many analytical 
relationships available for the specimens that significantly deviate from the half-
space assumptions. Using analytical relationships that have been developed based 
on half-space assumptions could potentially result in highly inaccurate values for 
mechanical properties. 

Since the problem of validity of the mechanical properties derived using 
nanoindentation techniques has not been adequately addressed in many studies 
that use the nanoindentation technique for mechanical characterization of biological 
tissues and biomaterials, it is not clear to what extent the results reported in the 
literature are valid. In particular, it is not clear what the expected range of errors 
might be.
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To improve the validity of mechanical properties determined using the 
nanoindentation technique, two main approaches could be followed. Probably 
the most accurate approach would be a full computational study of the specific 
specimen being tested taking all relevant geometric and material complexities into 
account. Nevertheless, this approach is highly time consuming and requires special 
skills and infrastructure that are not always available. Alternatively, computational 
sensitivity studies could be performed to quantify the errors caused by certain 
levels of deviation from the conditions for which the analytical relationships 
are derived. Ideally, the computational sensitivity studies could be also used to 
provide certain correction factors for the use of analytical relationships. In that case, 
experimentalists could use the results of the computational studies to estimate the 
expected range of errors. Moreover, they might be able to account for deviations 
from the assumptions of the analytical relationships by applying certain correction 
factors. There are not currently enough computational studies that could be used 
for determining the expected range of errors and/or correcting the mechanical 
properties estimated using analytical relationships. 

One of the main problems associated with advanced mechanical characterization 
techniques is the difficulty of validation of their measurements against other more 
established characterization techniques. Oftentimes only one or at most a few 
advanced characterization techniques are capable of estimating the mechanical 
properties of certain complex and inhomogeneous materials. As a result, it is not 
possible to compare the estimated mechanical properties against those measured 
using more established techniques. Nanoindentation is no exception and most of 
the mechanical properties measured by nanoindentation are never cross-validated 
against measurements of other techniques. If the mechanical properties measured 
by nanoindentation are going to become the standard in tissue characterization, 
they need to be validated against local mechanical properties measured using other 
techniques. For example, one could use full-field strain measurement techniques 
such as digital image correlation[82, 88, 89] for obtaining the local mechanical 
properties of heterogeneous materials[90, 91]. It is suggested that the accuracy of 
mechanical properties measured using nanoindentation be compared with those 
measured using other advanced techniques at least in some test conditions.
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Abstract

Biodegradable polymeric microspheres are interesting drug delivery vehicles for site-
specific sustained release of drugs used in treatment of osteoarthritis. We study the 
nano-mechanical properties of microspheres composed of hydrophilic multi-block 
copolymers, because the release profile of the microspheres may be dependent on 
the mechanical interactions between the host tissues and the microspheres that aim 
to incorporate between the cartilage surfaces. Three different sizes of monodisperse 
microspheres, namely 5, 15, and 30 μm, were tested in both dry and hydrated 
(swollen) states. Atomic force microscopy was used for measuring nanoindentation-
based force-displacement curves that were later used for calculating the Young’s 
moduli using the Hertz’s contact theory. For every microsphere size and condition, 
the measurements were repeated 400-500 times at different surface locations and the 
histograms of the Young’s modulus were plotted. The mean Young’s modulus of 5, 
15, and 30 μm microspheres were respectively 56.1 ± 71.1 (mean ± SD), 94.6 ± 103.4, 
and 57.6 ± 58.6 MPa under dry conditions and 226.4 ± 54.2, 334.5 ± 128.7, and 342.5 
± 136.8 kPa in the swollen state. The histograms were not represented well by the 
average Young’s modulus and showed three distinct peaks in the dry state and one 
distinct peak in the swollen state. The peaks under dry conditions associated with 
the different parts of the co-polymeric material at the nano-scale. The measured 
mechanical properties of swollen microspheres are within the range of the nano-
scale properties of cartilage, which could favor integration of the microspheres with 
the host tissue.
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Introduction

Osteoarthritis is the most common joint disorder [1] and the most frequently reported 
cause of long-term disability [2]. Since disease-modifying drugs are not currently 
available for osteoarthritis, medicinal treatment often includes non-steroidal anti-
inflammatory (NSAID) drugs [3] that are often used for pain management. The 
delivery of such drugs is a challenging task due to the chance of adverse reactions 
via conventional drug injections on the one hand [3, 4] and fast drug clearance that 
causes the drug concentration to rapidly drop below the therapeutically effective 
levels on the other hand [5]. Recently proposed approaches for the delivery of 
NSAID include the use of liposomes, nanoparticles, and microspheres for sustained 
and adjustable drug release [6, 7]. Among those, microspheres have the advantages 
of being easily adjustable in their release kinetic, allowing well-controlled sustained 
drug release varying from days to months [7].

It is known that the mechanical properties of the microspheres used for drug 
delivery applications influence their performance [8, 9]. The effects of mechanical 
properties are even more important for skeletal diseases where strong mechanical 
forces are transferred through the tissues and the microspheres interact with the 
surrounding tissues both chemically and mechanically. The release kinetics of the 
microspheres may change due to those mechanical interactions and the modulations 
that mechanics may have with diffusion kinetics and biodegradation behavior of 
the microspheres.

In this paper, we study the mechanical properties of monodisperse 
microspheres composed of hydrophilic phase-separated multi-block copolymers 
that are developed for delivery of drugs used in the management of osteoarthritis. 
We use atomic force microscopy (AFM) for nanoindentation tests and the Hertz’s 
contact theory to calculate the nano-mechanical properties of the microspheres. The 
mechanical properties of microspheres with different sizes are measured both in the 
dry and swollen states. In the vast majority of the studies that report the mechanical 
properties of microspheres, a limited number of measurements are carried out and 
the obtained mechanical properties are averaged to calculate the mean values of 
the mechanical properties. In this study, we repeated the measurements several 
hundred times for every case to be able to measure the properties more accurately 
and to reveal nano-scale properties of the microspheres that cannot be identified 
using a few measurements.

Materials and methods

Monodisperse microspheres of different sizes, namely 5, 15 and 30 μm, were made 
of a biodegradable hydrophilic multi-block copolymer (SynBiosys®20LP10L20-
LLA40, InnoCore Pharmaceuticals, Groningen, The Netherlands) using the 
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Microsieve membrane emulsification equipment (Nanomi, Oldenzaal, The 
Netherlands) and were tested in both dry and swollen sates. The hydrophilic 
20LP10L20-LLA40 multi-block copolymer is composed of hydrophilic poly (DL-
Lactide)-PEG-poly (DL-Lactide) and hydrophobic poly (L-Lactide) segments that 
are randomly chain-extended with 1,4-butanediisocyanate. The poly (DL-Lactide)-
PEG-poly (DL-Lactide) segments form amorphous domains, whereas the poly 
(L-Lactide) segments form crystalline domains, thereby forming a phase-separated 
multi-block copolymer in which the crystalline domains act as physical crosslinks 
(Fig. 1). Differently sized 20LP10L20-LLA40 microspheres were tested in both dry 
and swollen states to determine their mechanical properties. Before starting the test 
with AFM, the microspheres were attached to a firm substrate. A thin layer of a 
water-resistant epoxy-based glue (Bison, The Netherlands) was carefully applied 
to fix the microspheres on the microscope slide. For measurement under hydrated 
conditions, prior to testing, the microspheres were submerged in deionized water 
for three days to allow them reach their equilibrium swelling degree. The tests were 
carried out at room temperature.

Figure 1. Molecular structure of SynBiosys 20LP10L20-LL40 multi-block copolymer.

An AFM with a Nanoscope controller (Bruker, Dimension V, Japan) and a 
standard fluid cell (Bruker) was used for performing nanoindentation tests on the 
microspheres (Fig. 2). A symmetric triangular AFM probe (Bruker, Camarillo, USA) 
with a nominal diameter of 2 nm and a nominal cantilever spring constant of 0.35 
N/m was used for the measurements to find the more symmetric characteristics of 
the microspheres [10]. The actual cantilever spring constant was determined using 
the thermal fluctuations technique [11]. The standard calibration process for finding 
the sensitivity factor for converting voltage to deflection was followed before the 
start of the measurements. Using around 30 individual microspheres, 400-500 
indentation curves were obtained at a frequency of 1 Hz and an indentation depth 
of around 500 nm. The Nanoscope analysis software (Bruker, version 1.4) was used 
for analyzing the obtained force-displacement curves and calculating the Young’s 
modulus according to the Sneddon theory [10]. According to the Sneddon theory, 
force and displacement are related to each other through the following relationship:
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where F is force, h is displacement, ϕ  is the half angle of the cone, γ=π/2, υ  is the 
Poisson’s ratio and E is the Young’s modulus of the microsphere [10, 12, 13]. A 
Poisson’s ratio of 0.5 was assumed which is close to the value used in some other 
studies on cartilage nanomechanics [14, 15]. With such a value of the Poisson’s ratio, 
the material behaves incompressibly. 

The Young’s moduli calculated for the swollen microspheres with different 
sizes were statistically assessed using the one-way ANOVA test followed by the 
Tukey-Kramer post-hoc analysis. Statistical significance threshold was set at p< 
0.05. For the dry micro-spheres, the data was first rank-transformed using the non-
parametric Kruskal-Wallis test. The post-hoc analysis could then be performed 
using the Tukey-Kramer test using the rank-transformed data. 

Figure 2. SEM pictures of 5 (a), 15 (b), and 30 μm (c) microspheres.

Results

In the dry state, the histogram of the Young’s modulus shows several distinct 
peaks (Fig. 3). The peaks are more or less similar between the different microsphere 
sizes (Table 1). The first and by far the largest peak is between 1 and 40 MPa for 
5 μm microspheres, between 10 and 20 MPa for 15 μm microspheres and between 
1 and 20 MPa for 30 μm microspheres (Fig. 3). A number of smaller peaks can be 
observed for all three microsphere sizes (Table 1), although the second and third 
peaks are more visible for 30 μm microspheres as compared to both other sizes. 
For 30 μm microspheres, the second peak occurs between 30 and 60 MPa while the 
third peak can be found around 120-130 MPa (Fig. 3c). Some less clear peaks can be 
observed for both other microsphere sizes around the same values of the Young’s 
modulus (Fig. 3a-b). When averaged over all measurements, the Young’s modulus 
of dry microspheres of 5, 15, and 30 μm were respectively 56.1± 71.1 (mean ± SD), 
94.6 ± 103.4, and 57.6 ± 58.6 MPa. In dry state, the mean Young’s moduli of the 
microspheres with different sizes were found to be significantly different (Table 1). 
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Size 
(μm)

Young’s modulus Primary and secondary 
peaks

Dry (MPa) Swollen (kPa) Dry (MPa) Swollen 
(kPa)

Mean SD Median Mean SD Median

5 56 71 25 226** 54 216 1-40*

40-50

120-130

197*
(p =1.29×10-68)

15 95** 103 39 334 129 304 10-20*

20-50

190-200

295*

625(p =7.90×10-8)

30 58 59 38 342 137 324 1-20*

30-60*

120-130*

100

315*

Post-hoc analysis showed that the Young’s modulus of 15 μm dry microspheres is 
significantly higher than those of both other sizes (also in dry state).

The range of the Young’s moduli measured by AFM of microspheres in the 
swollen state were several orders of magnitude lower than the Young’s moduli of 
the microspheres measured in the dry state (Fig. 4). As opposed to the dry state 
where several peaks were observed in the histogram of the Young’s modulus, there 
was only one clear peak in the histogram of the Young’s modulus of the swollen 
microspheres (Fig. 4). This enabled us to fit a Gaussian distribution to the measured 
data points (Fig. 4a-c). When averaged over all measurements, the Young’s moduli 
of swollen microspheres of 5, 15, and 30 μm were respectively 226.4 ± 54.2 (mean ± 
SD), 334.5 ± 128.7, and 342.5 ± 136.8 kPa. Statistical analysis of the Young’s moduli 
of the swollen microspheres with different sizes showed that there is a significant 
difference between their Young’s moduli (Table 1). Post-hoc analysis showed that, 
in the swollen state, the Young’s moduli of 15 and 30 μm microspheres are higher 
than those of the 5 μm microspheres. In the swollen state, there was no significant 
difference between the Young’s moduli of 15 and 30 μm microspheres. Moreover, 
the Young’s moduli of swollen microspheres generally tended to increase as the size 
of the microsphere increased.

Table 1. The main characteristics of the Young’s modulus histograms found for microspheres with 
different sizes in dry and swollen states.

* Peak with the highest frequency ** Microsphere size with significant difference in the Young’s 
modulus from both other sizes
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Figure 3. Histograms of the modulus of dry microspheres with typical force–displacement curve 
obtained from individual microspheres: (a) 5, (b) 15, and (c) 30 μm microspheres. 

Figure 4. Histograms and corresponding normal distribution curves of swollen microspheres: (a) 5, 
(b) 15, and (c) 30 μm microspheres.
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Discussion

The hydrophilic 20LP10L20-LLA40 multi-block copolymer studied here contains 
two major components: an amorphous poly (DL-Lactide)-PEG-poly(DL-Lactide) 
(PDLA-PEG-PDLA) and a crystalline poly (L-Lactide) (PLLA) segment. The 
PDLLA-PEG-PDLLA part has water absorption functionality due to the presence 
of polyethylene glycol (PEG). PEG is known for its good biocompatibility and 
hydrophilicity [16-18], whereas PDLA is widely used in various sustained 
release drug delivery products due to its good biocompatibility and excellent 
biodegradability. The crystalline PLLA segments act as physical crosslinks and 
also give the microsphere appropriate stiffness that is needed for drug delivery 
applications in a cartilaginous environment. PLLA is widely used in biomedical 
implants especially where load-bearing properties are required. The specific 
molecular architecture and phase-separated morphology of the used multi-block 
copolymer gives the microspheres the desired hydrophilicity in combination with 
mechanical characteristics that are fairly similar to those of specially soft biological 
tissues such as cartilage, making it suitable for local delivery and controlled release 
applications [18-21].

Dry state

The first peak seen in the histogram of the Young’s moduli of microspheres in the 
dry state can be attributed to the Young’s modulus of PEG as the values are within 
the range of previously reported Young’s moduli for PEG [22, 23]. As compared 
to crystalline PLLA, the PEG part is the softer part of the multi-block copolymer 
that constitutes the microspheres. The mean values of the second apparent peak 
in the histogram of the Young’s modulus of 5, 15, and 30 μm microspheres are 
around 50 MPa. This second peak may be ascribed to the non-crystalline PDLA 
component of the PDLA-PEG-PDLA segment [18, 24]. It should be noted that the 
PDLA chains present in the PDLA-PEG-PDLA block studied here are relatively 
short. It is therefore not clear to what extent their properties are close to those of 
high molecular weight PDLA often studied elsewhere. The average values of the 
other recognizable peak, especially in 15 and 30 μm microspheres, exceed 100 MPa. 
This last peak might be indicative of the crystalline portion of the copolymer. It 
should be noted that the above-mentioned values of the Young’s modulus and 
their relationship with the different parts of the copolymer are merely indicative. 
The actual values of the Young’s modulus depend on many parameters including 
the molecular weight of the macromolecules, the length of the chains within 
polymeric network, the crosslinking density of the matrix, the ratio of the length 
of the PDLA portion to that of the PEG length in the PDLA-PEG-PDLA segment, 
and the optimized proportion between the PDLA-PEG-PDLA segment used for 
hydrophilicity and the PLLA block used for mechanical stiffness [16, 18-20].
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Swollen state

The final functionality of the microsphere is in the swollen state, as they will be 
hydrated and perform their drug delivery role in the target cartilage tissue based 
on a combination of swelling, diffusivity [22, 25], and biodegradation. It is clear 
that there is a sharp decrease in the Young’s modulus of the swollen microspheres 
as compared to the values found under dry conditions. The water molecules, with 
their polar groups, tend to interact with the hydrophilic domains of the multi-
block copolymer and act as a plasticizer reducing the stiffness of the co-polymeric 
matrix [24]. The water uptake ratio can therefore be considered as a major factor for 
optimizing the mechanical properties of microspheres based on the principles of the 
swelling process. Moreover, the molecular weight of the crystalline PLLA segment 
have been narrowly tailored with respect to the molecular weight of the hydrophilic 
PDLA-PEG-PDLA segment [18, 20].  

In the swollen state, the Young’s moduli of 15 and 30 μm microspheres are 
significantly higher than those of 5 μm microspheres. This is due to the fact that 
the water adsorption ability of microspheres is size-dependent and is inversely 
related to the surface area, meaning that smaller microspheres show higher water 
adsorption tendency and lower stiffness values [26, 27].

The required number of measurements

This study is one of the rare studies in which more than a handful data points are used 
for characterizing the nano-mechanical properties of soft co-polymeric biomaterials 
particularly microspheres. In most other studies, the average of a few measurements 
is reported as the representative Young’s modulus of the material at the nano-scale. 
The results of this study (Fig. 3-4) show that the mean of a few measurements may not 
necessarily be a good representative value. As for microspheres in the swollen state, 
the mean Young’s modulus is a relatively good representative of the mechanical 
properties of the microspheres (Fig. 4) as most values seen in the histogram are 
distributed around the mean Young’s modulus. In comparison, in the dry state, the 
mean Young’s moduli of the microspheres vary between 55-95 MPa (Fig. 3). These 
mean values are several times larger than the first and by far the largest peak of the 
histograms of the young’s modulus (Fig. 3a-c). Using the mean value of the Young’s 
modulus as the representative Young’s modulus of the microspheres will therefore 
grossly misrepresent the actual mechanical properties of microspheres at the nano-
scale. Moreover, the histograms of the Young’s modulus are very information-
rich and could reveal additional information regarding the range and distribution 
of the mechanical properties of the microspheres at the nano-scale. This kind of 
information is totally lost when the average of a few data points are reported as the 
mechanical properties of the polymeric material. 
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Relevance for cartilage and drug delivery applications 

Stolz et al. [28] measured the age-related dynamic elastic modulus of the human 
osteoarthritis articular cartilage tissue and fount it to be between 15.3 and 142 kPa. 
Han et al. [29] analyzed the modulus of the surface layer of the bovine articular tissue 
and found it to be between 120 and 200 kPa depending on the loading rate (0.1, 
1, 10 µm/s). The Young’s modulus of the microspheres in the swollen state under 
hydrated conditions are therefore well in the range of the mechanical properties of 
cartilage at the nano-scale, meaning that the microspheres should be able to well 
integrate within the host tissue and perform their functions.

The mechanical properties of drug delivery devices such as microspheres play 
important roles in regulating their controlled release performance. For example, it 
is known that mechanical interactions between the drug delivery devices and the 
surrounding tissues could influence the bio-degradation, surface area, and hydration 
and/or hydrolysis behavior of the involved biomaterials [30, 31]. Moreover, 
mechanical properties of drug delivery devices could be used as an indirect measure 
of their drug delivery performance. For example, it is known [32] that the degree 
of cross-linking in polyvinyl alcohol (PVA) hydrogels is intimately linked to both 
mechanical properties and drug delivery characteristics of the polymer [33]. One 
could therefore use mechanical properties of the polymer as an indirect measure of 
drug delivery characteristics. Probing the mechanical properties of the microsphere 
material is best done with AFM [34] and at the nano-scale, because accurate 
estimation of the mechanical properties using micro-scale indenters is extremely 
challenging particularly when microspheres are as small as 5 μm. That is partly 
because the surface of the micro-sphere cannot be considered to be flat anymore 
and the entire microsphere may start to deform considerably as a result of micro-
scale indentations. These kinds of experiments are much more difficult to interpret 
and may necessitate the use of advanced computational techniques. Moreover, the 
mechanical properties at the micro-scale are related to the mechanical properties 
at the nano-scale and can theoretically be obtained from the nano-scale mechanical 
properties using homogenization techniques.

Limitations

This study has certain limitations that need to be considered when interpreting the 
presented data. First, the nano-indentation technique used for characterizing the 
mechanical properties of the microspheres is associated with certain complexities 
and sources of uncertainty. For example, the tip and cantilever geometry, the type 
of material from they are made, the depth and rate of indentation, adhesion forces, 
intermolecular forces, and electrostatic interactions could all play important roles 
in the accuracy of AFM measurements [35-39]. Second, the analytical solution used 
for interpretation of the force-displacement data has been derived based on specific 
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assumptions that are never perfectly satisfied in practice. Deviations from those 
conditions could cause inaccuracy in the measured mechanical properties. Finally, 
the mechanical properties of microspheres might be different in vivo, for example, 
due to the presence of different types of ions and enzymatic factors. Testing the 
microspheres in water is therefore only an approximation of the actual in vivo 
conditions.

Conclusions

In summary, the nano-mechanical properties of co-polymeric microspheres with 
different sizes were measured in both the dry and swollen states using atomic force 
microscopy. It was shown that the mechanical properties of the microspheres are in 
general much lower in the swollen state as compared to the dry state. In addition, 
the mechanical properties were found to be different for different microsphere 
sizes. In the swollen state, the Young’s modulus tended to increase as the size of the 
microsphere increased. The mean Young’s moduli of microspheres of 5, 15, and 30 
μm were respectively 56.1 ± 71.1 (mean ± SD), 94.6 ± 103.4, and 57.6 ± 58.6 MPa in the 
dry state and 226.4 ± 54.2, 334.5 ± 128.7, and 342.5 ± 136.8 kPa in the swollen state. 
However, the mean values of the Young’s modulus were not good representatives 
of the mechanical properties of the microspheres at the nano-scale, specifically in 
the dry state. A large number of measurements are therefore needed to establish the 
histogram of the Young’s moduli in order to study the range and distribution of the 
Young’s modulus of the microspheres at the nano-scale. Considering the range of 
cartilage tissue mechanical characteristics, the swollen microspheres demonstrate 
desired nano-scale elastic modulus data, due to which the microspheres are 
expected to exhibit the desired biocompatibility upon intra-articular administration 
besides well integration with their cartilaginous host tissue.
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Abstract

The present study aims to discover the contribution of glycosaminoglycans (GAGs) 
and collagen fibers to the mechanical properties of the osteoarthritic (OA) cartilage 
tissue. We used nanoindentation experiments to understand the mechanical behavior 
of mild and severe osteoarthritic cartilage at micro- and nano-scale at different 
swelling conditions. Contrast enhanced micro-computed tomography (EPIC-μCT) 
was used to confirm that mild OA specimens had significantly higher GAGs content 
compared to severe OA specimens. In micro-scale, the semi-equilibrium modulus of 
mild OA specimens significantly dropped after immersion in a hypertonic solution 
and at nano-scale, the histograms of the measured elastic modulus revealed three 
to four components. Comparing the peaks with those observed for healthy cartilage 
in a previous study indicated that the first and third peaks represent the mechanical 
properties of GAGs and the collagen network. The third peak shows considerably 
stiffer elastic modulus for mild OA samples as compared to the severe OA samples 
in isotonic conditions. Furthermore, this peak clearly dropped when the tonicity 
increased, indicating the loss of collagen (pre-) stress in the shrunk specimen. Our 
observations support the association of the third peak with the collagen network. 
However, our results did not provide any direct evidence to support the association 
of the first peak with GAGs. For severe OA specimens, the peak associated with the 
collagen network did not drop when the tonicity increased, indicating a change in 
the response of OA cartilage to hypertonicity, likely collagen damage, as the disease 
progresses to its latest stages.
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Introduction

Articular cartilage, with its heterogeneous hydrated meshwork and interpenetrated 
polymeric components exhibits a complex biomechanical behavior [1-3]. Particularly, 
negatively charged glycosaminoglycan chains (GAGs) interact with the positive 
ions from the environment and create a high tonicity that causes the cartilage to 
swell. The subsequent swelling pressure is then counteracted by collagen (type 2) 
fibers. Any degenerative changes in the articular cartilage macromolecules disrupt 
the “structure-function” of its network and trigger changes in the functionality of 
these polymeric constitutes [4]. Osteoarthritis (OA) is a degenerative joint disease 
that is characterized by the loss of proteoglycans (PGs) and hence GAG content via 
enzymes (mainly matrix metalloproteases and aggrecanases) as well as failure of 
the collagen network and subsequently loss of cartilage stiffness [5-7]. 

Mechanical properties at the molecular to tissue levels can be obtained by 
indentation machines, that can perform indentations at the homogenized tissue 
level (often referred to as microindenter or nanoindenter) and at the molecular level 
(using indentation type Atomic Force Microscopy, IT-AFM). For instance, Miller 
et al. [8] have determined the macro and micro-scale mechanical features and the 
biphasic properties of the femoropatellar portion of bovine cartilage. Li et al. [9] have 
measured the modulus of porcine cartilage and polyacrylamide gel by applying 
stress relaxation analysis using nanoindentation and found the possibility to tailor 
the mechanical properties of hydrogel materials for cartilage tissue engineering 
purposes. Moreover, Stolz and colleagues have used IT-AFM in a number of 
studies to characterize the mechanical properties of the cartilage and found it an 
appropriate method to characterize early OA [1, 4, 10]. Similarly, Grodzinsky and 
colleagues have assessed the time-dependent nano-stiffness of articular cartilage 
using IT-AFM to quantify its frequency and time-dependent behavior [11-13].

The aim of the current study is to understand the response of OA cartilage to 
changes in ionic strength (tonicity) and correlate it with i) the mechanical properties 
of cartilage measured at the micro- and nano-scale measured using indentation 
experiments and ii) the severity of the disease. The response of OA cartilage to 
changes in tonicity could indirectly give us information about the relationship 
between the structure and properties of cartilage, because the porous hydrated 
matrix with its negatively charged GAGs and fibrillar collagen macromolecules 
is responsible for cartilage’s biomechanical behavior. Under different external 
tonicities, cartilage has different swelling behaviors as a consequence of GAGs and 
the resultant collagen fiber pretension. Thus, different mechanical characteristics for 
its individual components would be expected after dehydration as a consequence 
of tonicity changes, and nanoindentation enables us to entangle the properties of 
collagens from those of GAGs. Moreover, the progression of the disease to mild OA 
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and ultimately severe OA may disrupt the mechanical interaction between collagen 
and GAGs, which could be elucidated from the micro- and nano-scale indentations.

Materials and methods

Specimen preparation 

Human osteoarthritic (OA) articular cartilage specimens (harvested from the weight 
bearing part of femoral condyles and the tibial plateaus and parallel to the surface of 
the cartilage with intact surface) with different levels of disease severity (mild and 
severe based on the Kellgren and Lawrence classification) were harvested during 
total knee replacement surgeries (Fig. 1). The samples were subsequently buffered 
in Phosphate Buffer Sulfate (PBS, Gibco, UK) 1% and stored at -20o C [14, 15]. Before 
the indentation experiments, the cartilage samples were attached to a substrate using 
water-resistant epoxy-based glue and were covered by a PBS solution. We used 
two different PBS solutions: normal PBS as an isotonic solution (containing155mM 
NaCl) and a hypertonic PBS solution (containing 2M NaCl), in both cases combined 
with a protease inhibitor cocktail (cOmplete, Roche, Mannheim, Germany). We 
performed the mechanical tests such as creep and dynamic indentation using nano-
indenter and IT-AFM on 5 mild OA samples and 5 severe OA samples.

Figure 1. (a) Mild and (b) severe OA samples.

Indentation experiments

Micro-scale 

For the micro-scale measurements, a nanoindenter machine (Hysitron, USA) was 
used to obtain indentation-based creep curves on mildly OA cartilage specimens 
only (Fig. 1a). The cartilage network in the severely OA specimens was highly 
disrupted, rendering consistent micro-scale indentations infeasible. The mild and 
severe OA specimens differed in their macroscopic damage in terms of the amount 
of cartilage fibrillation and colour change. They also had different shapes and 
thicknesses (Fig. 6a, 7). In order to prevent over-stressing, we selected a diamond 
conospherical fluid-type probe with a tip radius of 44.42 μm. Before starting the 
experiments, the specimens were thawed and kept in isotonic PBS solution for 1 
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hour. Thereafter, a series of indentation tests were performed. The indentation is 
intended as a creep experiment that uses motor-controlled displacements with 
continuously measured loading that is corrected in the feedback system to ensure 
that a constant load of                  is applied throughout the indentation experiment. 
The feedback correction results in a small overshoot in the first second that is 
adjusted to                    thereafter. The maximum load was then maintained for 60 s 
and corresponded to a total displacement of 3000-4900 nm (Fig. 2a). 

The medium was then replaced by the hypertonic solution and several creep 
indentation experiments were performed at 20, 40, 60, and 120 minutes after 
immersion of the sample in the hypertonic solution. All above-mentioned tests were 
performed on two or more different locations (points) on each cartilage samples 
and for each time point. The creep indentation tests were repeated three times per 
each location with 120 s recovery times between the repetitions.

Figure 2. Displacement-time (a) and force-time (b) graphs of micro-scale creep data by 
nanoindenter, (c) load-displacement curve by IT-AFM.

To obtain the semi-equilibrium modulus from the creep test, we applied the 
method that is developed by Oyen [16] using Prony series to fit a curve to the creep 
data in order to calculate the long term shear modulus of the material sample in the 
first step (Fig. 2b). Then, by assuming a Poisson’s ratio of 0.5 for the cartilage sample 
(considering the incompressibility assumption [4, 10, 17, 18], the Young’s modulus 
could be calculated. The analytical relationships were fitted to the experimental 
data using the following equations [16, 19, 20]:

N4103 −×

N4103 −×
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where 0A , iA  are creep parameters, h is the indentation depth, maxP is the maximum 
applied force,ν is the Poisson’s ratio of the soft specimen, and R is the radius of the 
spherical indenter. Considering a step-loading profile for the creep test, Rτ is the 
total ramp time and iRCF  is the ramp correction factor for creep.

Nano-scale

For the nano-scale measurements, an atomic force microscope equipped with 
a nanoscope controller (Bruker, Dimension V, Japan) and a standard fluid cell 
(Bruker) with a nano-meter sized pyramidal tip (nominal radius :15 nm and 
cantilever spring constant : 0.06 N/m) (Nano and More, Germany) was used to 
obtain indentation-based force-displacement curves on both the severe and mild 
human OA cartilage samples (Fig. 7). Before starting the experiments, the thermal 
fluctuations technique was employed to calculate the exact values of the cantilever 
spring constant. Afterwards, the load-displacement curves were acquired at 
a frequency of 3 Hz corresponding to an indentation rate of 3 µm/s [1] (Fig. 2c). 
First, the experiment was done on the surface of the sample within normal PBS 
solution (isotonic condition) during 2 hours and then the medium was changed to 
hypertonic PBS (hypertonic condition) and the same procedure was followed on 
the same specimen. The maximum indentation depth was adjusted around 500 nm. 
Each force-displacement curve consisted of 1024 data points. In total, around 3000 
indentation curves were obtained for 5 different specimens. The Nanoscope (Bruker, 
version 1.4) analysis software was used to analyse the obtained force-displacement 
curves and to calculate the Young’s modulus based on the Hertz’s contact theory. 

In order to calculate the dynamic elastic modulus [1, 10] at each point we used 
Sneddon’s theory that relates force (P) to displacement (h) through the following 
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relationship [20, 21]:
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where ϕ is the half angle of the cone, 2/πγ = , ν  is the Poisson’s ratio. 

The histogram of the measured elastic moduli was first established and then 
converted to a probability distribution function by dividing the corresponding 
frequency of every histogram bin by the total number of measurements. All 
indentations on the five separate specimens were lumped in one probability density 
function (frequency histogram) and the data from all 5 samples were pooled 
together. To objectively quantify the mean and standard deviation of the different 
constituents represented in the probability density function, a finite Gaussian 
mixture model [22] was fitted to the measured probability density function. In 
the finite Gaussian mixture models, it is assumed that the probability distribution 
function, f(x), measured for a multi-constituent material is the weighted sum of the 
Gaussian probability distributions, N(μi, σi), measured for every constituent i:

∑
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where μi, σi, and wi are respectively mean, standard deviation, and weighting 
factor of every constituent. The number of components, m, was increased to obtain 
the minimum number of components that could capture all the peaks present 
in the measured probability density distributions. An iterative algorithm based 
on the long-likelihood criterion was used for fitting the mixture of the Gaussian 
distributions to the experimental data. The iterative algorithm was stopped when 
the solution converged within a tolerance of 1E-6 [22].  

Contrast enhanced micro-CT (EPIC-μCT)

Prior to saturation with contrast agent, samples underwent micro-CT scan 
(Quantum FX, Perkin Elmer, USA) under 90 kV tube voltage, 180 μA tube current, 40 
μm voxel size and 2 minutes scan time. Next, according to the previous studies [21, 
23, 24], a contrast agent solution was prepared by mixing 40% Hexabrix “ioxaglate” 
(GE Healthcare, The Netherlands, 320 mgI/ml, MW=1269 g/mol, Charge -1), 60% 
PBS, pH=7.4 with protease inhibitor, which resulted in an overall osmolality of 470 
mOsmol/kg.  

Each sample was kept in the contrast agent medium overnight to become 
completely saturated with Hexabrix. Thereafter, the samples were thoroughly 
removed from the contrast agent medium. Pre-processing of the reconstructed 
images, including noise reduction, contrast adjustment, image calibration (between 
blank space and plastic bore in each image) and conversion to TIFF file format, 
was conducted using the companion software of the micro-CT machine (Analyze 
11.0, USA). The mid-sagittal slice of each image from the stacks underwent global 
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segmentation to create a binary mask corresponding to the geometry of the cartilage 
(imageJ, 1.47e). Afterwards, the outline of the segmented cartilage masks was placed 
on the cartilage image to calculate the average gray value of the area representing 
the cartilage. The average gray values were calculated using imageJ according to the 
following formulae:

Average gray value =
∑
∑

i

ii

x

xP
                                                                                             (9)

where iP  and ix  are pixel intensity and pixel frequency, respectively.

Histological examination

For histological evaluation, samples were fixed in 4% formaldehyde for 24 hours. 
Afterwards, the specimens were dehydrated in a graded ethanol series and xylene 
and embedded in paraffin. 5 µm thick sections at the surface layer and at 100 µm 
interval were obtained using a microtome (MICROM, Germany). Knee joint slides 
were examined by Safranin-O with a fast green. The stained slides were visualized 
using a light microscope (Olympus BX51, Japan) and images were captured by a 
digital camera using cell^F software.

Statistical analysis

The unpaired Student’s t-test was used to compare the mechanical properties 
measured at different time points, disease severity, and tonicity. A significance 
threshold of 0.05 was adopted.

Results

Indentation experiments

Micro-scale

As expected the Young’s modulus of the cartilage decreased after immersion in 
the hypertonic solution. Although this is clear for 20 and 120 minutes immersion 
data, the intermediate time scales (40 and 60 minutes) are not clearly decreased 
for the all samples. After 20 minutes immersion in the hypertonic solution, the 
semi-equilibrium modulus (E in Eq. 6) decreased in 10 out of 11 locations of the 
indentation tests for the 5 samples (Fig. 3a, p=0.008). Similarly, the semi-equilibrium 
modulus of the specimens after 120 minutes of immersion in the hypertonic 
solution was significantly less than that of the starting point (p=0.017) (Fig. 3d). The 
semi-equilibrium moduli measured after 40 and 60 minutes of immersion in the 
hypertonic solutions were not lower, but in general increased with respect to the 20 
and 120 minutes data, indicating that after a first loss of water content (20 minutes) 
they attract water (40-60 minutes) and loose water again at 120 minutes (Fig. 3b,c). 
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Apparently samples have their own dynamics concerning the time sequence of 
elasticity change (Fig. 4).  Table 1 depicts the average semi-equilibrium modulus 
obtained by nano-indenter in microscale.

Figure 3. Micro-stiffness of mild OA cartilage samples at two different ionic strengths of the PBS 
solution at different time points: first isotonic PBS then after 20 minutes incubation in hypertonic 

PBS (a), after 40 minutes (b), after 60 minutes (c), after 120 minutes (d).

Figure 4. Normalized modulus number of each time point in hypertonic PBS scaled for the modulus 
in normal PBS (a). Normalized modulus number of each time point for all samples per mean 

modulus in normal PBS (b).                 

Table 1. Semi-equilibrium modulus at micro-scale.

E: Average micro-stiffness; SD: Standard deviation

Time points E (MPa) SD
Isotonic 9.88 6.08

Hypertonic (20 min) 7.00 4.40
Hypertonic (40 min) 8.89 4.75
Hypertonic (60 min) 7.42 2.75
Hypertonic (120 min) 5.23 2.67
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Nano-scale

Finite Gaussian mixture models with four components were found to satisfactorily 
capture all the peaks present in the probability density function for all levels of 
disease severity and medium tonicity (Fig. 5). Among the four components, the 
three first components consistently exhibited large weighting factors (Table 2) 
while the weighting factor of the last components was often (three out of four cases) 
very small as compared to the others (Table 2). The mean elastic modulus of the 
first component of the severe OA specimens was up to two times larger than the 
corresponding mean of the mild OA specimens (Table 2). The reverse held for the 
mean modulus value of the second component (Table 2). The mean values of the 
first two modulus peaks of the mild specimens were respectively 17% and 14% 
higher in the hypertonic solution as compared to the isotonic solution (Table 2). As 
for the third and fourth peaks, they were respectively 37% and 46% lower in the 
hypertonic solution. Considering the severe OA samples, the mean values of four 
peaks were respectively 19%, 9%, 6%, and 34% lower in the hypertonic solution as 
compared to the isotonic solution (Table 2).

Table 2. Maximum likelihood estimates of the parameters of the Gaussian finite mixture models 
when 4 Gaussian components were used.

Sample 
name

μ1 
(kPa)

μ2 
(kPa)

μ3 
(kPa)

μ4 
(kPa)

σ1 
(kPa)

σ2 
(kPa)

σ3 
(kPa)

σ4 
(kPa) w1 w2 w3 w4

mOA_N 78 248 793 2107 36 98 317 772 0.37 0.34 0.21 0.08

mOA_H 91 282 499 1143 33 99 160 185 0.39 0.30 0.23 0.08

sOA_N 177 190 442 739 67 66 87 300 0.30 0.25 0.24 0.21

sOA_H 143 174 473 553 56 1056 167 21 0.57 0.002 0.37 0.06
Mild OA in normal PBS solution: mOA_N; Mild OA in hypertonic PBS solution: mOA_H; Severe 
OA in normal PBS solution: sOA_N; Severe OA in hypertonic PBS solution: sOA_H; μi: Mean; σi: 
Standard deviation; wi: Weighting factor of every constituent
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Figure 5. The probability density distribution of the measured elastic modulus values at the nano-
scale and the corresponding 4-components Gaussian finite mixture model. The data is presented for 
mild OA cartilage samples in isotonic conditions (a), mild OA samples in hypertonic conditions (b), 
severe OA cartilage in isotonic conditions (c), and severe OA cartilage in hypertonic conditions (d).

EPIC-μCT 

The average of the mean gray values calculated for the severe OA group was 335 
± 57 (mean ± SD) which was significantly higher (p=0.03) than that of the mild OA 
group, i.e. 252 ± 19, indicating presence of considerably higher GAG content in the 
mild OA specimens as compared to the severe OA specimens (Fig. 6).
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Figure 6. Micro-CT image of two specimens from mild and severe OA groups (a), EPIC-μCT images 
of two representative specimens from mild and severe OA groups (b) The distribution of ioxaglate 

through the x-ray attenuation values (arbitrary unit) is represented where extremely high ioxaglate 
concentration is shown with bright color and extremely low ioxaglate concentration is shown with 
blue. For every group, the representative specimen is the one that has the closest average gray value 

to the average gray value of its group.

Histology

In the histopathological observation of the safranin-O slides, the mild OA samples 
depict nicely distributed high concentration of GAGs corresponding to the 
indentation experiment area. In comparison with the mild OA samples, the severe 
OA samples show less GAG content as well as noticeable surface fibrillation and 
irregularity (Fig. 7a,b). The same pattern was found in 100 µm interval (Fig. 7c,d). 
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Micro- and nano-mechanics of osteoarthritic cartilage 

Figure 7. Histology of cartilage specimens stained by Safranin-O at two different intervals. mild 
OA at the same area with indentation experiment (a), severe OA at the same area with indentation 
experiment (b), mild OA at 100 micron distance from the first layer (c), severe OA at 100 micron 

distance from the first layer (d).

Discussion

As the overall stiffness of cartilage highly depends on the water influx and the 
subsequent pre-stress of the collagen fibers both micro- and nano-mechanical 
behaviors of the cartilage in our experiments strongly depend on the tonicity. For 
the severe OA samples, the tonicity dependence was changed, likely as a result of the 
altered (lower) GAG content. There are, however, certain distinct patterns observed 
at both scales of measurement that are discussed in the following sub-sections.

Micro-mechanics of OA cartilage

In micro-scale, mild OA specimens demonstrated a significant decrease in the semi-
equilibrium modulus due to osmotic effects [25-27]. This pattern was clear after 
20 minutes of incubation with hypertonic PBS, as the modulus was reduced in 10 
out of 11 measurement locations and significantly less elastic modulus of cartilage 
was observed as compared to the starting point. The same significant decrease was 



134

Chapter 5

observed after 120 minutes. However, there was significant variability between 
samples after 40 minutes and 60 minutes that probably reflect the existence 
of a transition state before reaching the final equilibrium state (Fig. 3b,c). One 
explanation might be that there are two transport time-scales that are involved, one 
is the movement of the water into the tissue, and the other one is the diffusion of the 
macromolecular osmolytes such as PGs degradation products or intact molecules 
freed from the swollen collagen matrix out of the tissue [28, 29]. Transient response 
to osmotic loading has been also reported in computational studies of swelling and 
volumetric changes of multi-phasic materials under osmotic loading [30]. Since the 
swelling behavior is driven by GAG content, these specimens may exhibit different 
(e.g. shifted or scaled) curves of swelling transition in response to the same osmotic 
loading. This could explain intra-specimen variations in the intermediate time points, 
i.e. 40 and 60 minutes after incubation in the hypertonic solution. Furthermore, Fig. 
4 confirmed that each sample has its own dynamics in osmotic change response. 
It is also important to realize that these mild OA cartilage specimens are from 
different patients that may be at different stages of the diseases and, hence, have 
different levels of GAG content. EPIC-μCT also shows large variations in the spatial 
distribution of GAGs that confirm the obvious indentation location dependency due 
to this topographic variation as an intrinsic feature of the cartilage tissue [31]. There 
could therefore be large inter-specimen variations in terms of transient swelling 
response to changes in the tonicity that could also explain the variations observed 
in the intermediate time points [32]. It could be observed from Fig. 6 that mild and 
severe OA specimens were visually different in size and thickness.

Nano-mechanics of OA cartilage

Only a few studies are available where the histogram or probability density function 
of the nano-scale elastic modulus of cartilage has been presented based on a large 
number (i.e. thousands) of measurements [4]. Even less data is available regarding 
the histogram of OA cartilage. The large number of measurements enables us to 
separate the mechanical behavior of the different constituents of cartilage from each 
other. The response of the different constituents of cartilage to certain stimuli such 
as changes in the osmolality of the surrounding medium could then be studied. In a 
study (Loparic et al.) [4] where a similar histogram of healthy cartilage was plotted 
based on a large number of data points, two very clear peaks were observed that 
the authors associated with the nano-scale elastic modulus of GAGs (22.3 kPa) and 
collagen (384 kPa). The results of the current study for OA cartilage show several 
differences with those previously reported results. First, at least four components 
are needed to describe the histogram (or the probability density function) of the 
nano-scale elastic modulus obtained in the current study. The weighting factor of 
one of these components is always very small. However, one needs to assume the 
presence of at least three Gaussian components in the finite mixture model in order 



to satisfactorily explain the observed distribution of peaks [4]. OA cartilage may 
have additional constituent with distinct mechanical properties, because some parts 
of the cartilage network and/or GAG species may have been cleaved and broken 
down to remnant products or make changes in polymer conformation. 

Comparing the mean elastic moduli observed here (Table 2, Fig. 5) with those 
observed previously [4], the peaks that seem to represent the mechanical properties 
of GAGs and collagen network are respectively the first and third peaks. The mean 
elastic modulus of the third Gaussian component (μ3) is much higher for mild OA 
specimens (793 kPa for the isotonic solution, Table 2, Fig. 5a) as compared to severe 
OA specimens (442 kPa for the isotonic solution, Table 2, Fig. 5c). This is consistent 
with the expectation that the elastic modulus of the collagen network should be 
higher in the mild OA specimens as compared to the severe OA specimen with 
its (likely) disrupted collagen network. Furthermore, assigning the third Gaussian 
component to the collagen network is consistent with the observation regarding 
the effect of tonicity on the elastic modulus of the collagen network. When tonicity 
increases, one expects the elastic modulus of the collagen network to decrease due 
to the outgoing water and decreased swelling pre-tension (dehydration effect). 
Consistent with this prediction, the mean elastic modulus of the third Gaussian 
component (μ3) drastically drops from 793 kPa to 499 kPa, as the tonicity increases 
from isotonic to hypertonic conditions (Table 2, Fig. 5a,b). No such drop is observed 
for the first or second Gaussian components of the mild OA specimens, indicating 
that those two components are not likely to be associated with the collagen network. 
These observations are in agreement with Parsons and Black’s study in which they 
discovered the lower pre-stress and subsequent tissue shrinkage in hypertonic 
solution as well as locally increase in PGs concentration due to resulting water 
redistribution [33]. Also, lower modulus was found for bovine cartilage in response 
to higher concentration mediums (up to 1M NaCl) measured using macroscale 
confined compression by Eisenberg and Grodzinsky [27].

If we assume that the third Gaussian component, indeed, represents the 
mechanical properties of the collagen network, it is interesting to see that the severe 
OA specimens do not respond to changes in tonicity in the same way that mild OA 
specimens do. The elastic modulus of healthy or lightly disturbed cartilage (as in 
mild OA specimens) is higher in isotonic conditions as compared to hypertonic 
conditions because there is a large volume of GAG molecules in cartilage that attract 
water molecules, cause swelling, and create pre-stress in the collagen network. 
In the case of severe OA specimens, EPIC-μCT results clearly show that there is 
significantly less GAG content as compared to mild OA since there is an inverse 
relationship with GAGs distribution and negatively charged contrast agent [21, 
34-36]. The mild OA samples demonstrates lower x-ray attenuation of ioxaglate 
equivalent to higher GAG content compared to severe OA samples with higher 
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x-ray attenuation of ioxaglate equivalent to low GAG content (Fig. 6b). Moreover, 
the collagen network is already damaged in the severe OA as compared to mild OA 
specimens, as is clear from much lower elastic modulus of the collagen network of 
severe OA specimens in the isotonic solution (442 kPa, Fig. 5c) as compared to the 
elastic modulus of the collagen network of mild OA specimens (793 kPa, Fig. 5a). 
One could therefore conclude that presence of GAG molecules and a strong collagen 
network that could be put under pre-stress are lacking in severe OA specimens 
and that is why severe OA specimens do not respond to tonicity changes. Since 
most of AFM-based studies have considered two regions over the cartilage stiffness 
histogram obtained from force displacement curves, we compared the histograms 
between two- and four-component Gaussian distributions. The data from two-
component Gaussian distribution presents the same trends as the four-component 
distribution for all conditions considered here.

The above-mentioned mechanisms are some of the physical mechanisms that 
govern the nano-scale mechanical behavior of cartilage. In addition to those factors, 
it should be also noted that the nano-scale elastic modulus of cartilage depends 
on the ionic and non-ionic portions of the cartilage tissue [37]. In other words, 
GAG chains with their negative charge can interact with positive ions from the 
environment and distinguish themselves in certain ways, i.e. crosslinking density 
of the long chains, molecular weight number between crosslinking portions, the 
tortuosity of the pores, entanglement length, and filament bundle diameter [38, 
39]. Moreover, these changes are also detectable in the GAG fragments that are 
noticeably present in the OA cartilage. These are some of the influential factors in the 
modulus of the polymeric molecules. For instance, the modulus is directly related 
to the crosslinking density of the polymeric chains and network. By increasing 
positive ion concentrations, the probability of interactions and entanglements for 
both GAG macromolecules and fragments rises and therefore a higher modulus 
will be predicted than what was observed for the first and second peaks of mild 
samples (78 and 91 kPa see Fig. 5a,b) in isotonic solution compared to (248 and 
282 kPa, see Fig. 5a,b) in hypertonic solution. On the other hand, collagen fibers do 
not contain the ionic part on their chains and the reduction in the stiffness of the 
collagenic molecules demonstrates the effects of swelling pressure and less amount 
of pre-stress, as previously discussed [26, 33, 39]. 

In a general sense, indentation experiments are neglecting the possibility of some 
intrinsic interactions between the tip and surface of the sample specifically in nano-
scale. The examples include intramolecular interactions, adhesion, and electrostatic 
forces [37, 40, 41]. Some other limitations arise from the nanoindentation techniques 
themselves. For example, one needs to apply specific theoretical assumptions – 
specifically about the size and shape of the tips - to be able to calculate the modulus. 
These may cause certain levels of inaccuracies in nanoindentation measurements 

Chapter 5

136



Micro- and nano-mechanics of osteoarthritic cartilage 

5

137

in general. The effects of the above-mentioned limitations of the nanoindentation 
techniques on the obtained results have been extensively discussed in the literature 
[37]. In addition, it should be noted that nanoindetation measurements probe 
the mechanical properties of cartilage (components) at the surface, which do not 
necessarily represent those found in the bulk of the tissue. Nevertheless, the surface 
properties are found to be good indicators of OA onset and progression [42-44].

CONCLUSION

In summary, the results of this study show that the micro- and nano-scale mechanical 
behavior of OA cartilage is dependent on the tonicity of the surrounding medium 
and may change as the disease progresses from its initial stages to the more severe 
stages. The micro-scale elastic modulus of mild OA cartilage decreases in the 
hypertonic solution as compared to the isotonic solution. Moreover, each sample 
has its own specific dynamic behavior response to tonicity. EPIC-μCT also shows 
the dependency of the indentation assay to the test location. In the nano-scale, the 
histogram of the elastic modulus of both mild and OA cartilage specimens and 
the associated finite mixture analysis show the presence of three to four distinct 
constituents with their own distinct peaks. Comparing the mean elastic moduli 
of the first three peaks with those of previous studies indicates that the first and 
third peaks are respectively associated with GAGs and collagen network. In mild 
OA specimens, the mean elastic modulus of the peak associated with the collagen 
network is lower in the hypertonic solution as compared to the isotonic solution. 
Moreover, the mean value of the peak associated with collagen network is higher 
in mild OA specimens as compared to severe OA specimens (both in isotonic 
solutions). Both above-mentioned observations support the assumption that the 
third Gaussian components represent the nano-scale mechanical properties of the 
collagen network. There is no direct evidence in the current study to support the 
assumption that the first mixture component represents the nano-scale mechanical 
properties of GAGs. For severe OA specimens, neither the peak associated with the 
collagen network nor the one associated with GAGs show any decrease when the 
tonicity changes. These observations suggest that the sensitivity of the nano-scale 
mechanical properties of OA specimens to tonicity may vanish as GAGs lose.
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Abstract

Mechanical properties of articular cartilage that are vital to its function are often 
determined by indentation tests, which can be performed at different scales. 
Cartilage tissue exhibits various types of structural, geometrical, and spatial 
variations that pose strict demands on indentation protocols. This study aims 
to define a reproducible micro-indentation protocol for measuring the effective 
(average) stiffness of the cartilage surface in a region around 1 mm2. We elucidated 
how different parameters such as indenter size, indenter depth, and the location 
of the indentation influence the effective elastic modulus measured in micrometer 
scale on rat knee cartilage. When an indentation was performed (50 μm radial probe, 
≈10 μm indentation depth) at exactly the same location, the variability was less than 
10%, even with a recovery period of 30 s. However, there was a high spatial variation 
and a small change of around 60 μm in location could change the modulus values 
up to as much as 10-20 fold. The effective elastic modulus of cartilage surface layer 
cannot therefore be reproducibly determined from a few indentations on a cartilage 
sample, and requires at least 144 (12×12) indentations for a soft spherical probe 
with a 50 μm radius. With higher depths, the spatial variation is slightly lower, 
allowing slightly lower number of indentations (≈80 measurements or a 9x9 frame) 
to provide a representative elastic modulus. Using this protocol, we determined an 
elastic modulus of 2.6 ± 1.9 N/mm2 at the medial side versus a higher modulus of 
4.2 ± 2.6 N/mm2 at the lateral side of the tibia of 12 weeks old Wistar rats. Optimized 
indentation protocols similar to the one presented here are required for revealing 
such variations in the mechanical properties of cartilage with anatomical location.



Micro-indentation protocol 

145

6

Introduction 

The biomechanical function of articular cartilage depends on the concentration, 
type, and configuration of the components within its matrix, mainly collagen (type 
II) and the sulfated glycosaminoglycan network (GAGs), as well as water [1, 2]. 
The fixed negative charges of the GAGs backbone result in a high tonicity and 
considerable water influx into the tissue. This leads to cartilage swelling and causes 
the collagen fibrils to expand, imparting a “pre-stress” to the cartilage matrix that 
contributes towards the elastic modulus of cartilage. 

The elastic modulus of cartilage is therefore dependent on both the structure 
of the collagen matrix and the presence of charged GAGs. Changes in these 
essential components of the cartilage tissue can therefore be captured through its 
biomechanical response, particularly its elastic behavior [3-7]. 

Indentation has emerged as a versatile, quantitative and non-destructive 
technique for measurement of the mechanical behavior of cartilage [8, 9]. However, 
interpretation of the results obtained from indentation experiments is often difficult 
[3, 8-12]. Furthermore, the importance of the site-specific mechanical properties 
and topographical variation of the modulus and thickness of the cartilage tissue are 
often neglected [13-16]. 

The aim of the current study is to develop a reproducible optimized micro-
indentation protocol considering the effects of different indentation parameters 
that could influence the measured elastic modulus. The effects of parameters such 
as indenter size, indentation depth, and spatial distribution of indentations on 
the average values of the effective elastic modulus as well as the variations of the 
measurement results are studied.

Materials and methods

Samples  

Proximal tissues were obtained from 12 weeks old male Wistar rats (Harlan 
Laboratories, Horst, Germany). Indentation experiments were performed on an 
area of 900 x 900 μm2 in the central portion of the tibia plateau. All experiments were 
performed at room temperature while the entire tibia was immersed in Phosphate 
Buffer Sulfate (PBS, Gibco, UK) supplemented with protease inhibitors (cOmplete, 
Roche, Mannheim, Germany). 

Indentation 

Indentation principle and indenter characteristics
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A displacement-controlled nanoindenter machine (Piuma, the Netherlands) 
including a controller, an optical fiber and a spherical probe (Optics, the Netherlands) 
was used to obtain force-displacement curves on the surface of the rat tibia plateau. 
The probe is attached to a spring cantilever and the cantilever itself is connected to 
the end of the optical fiber in order to measure the cantilever deflection (Fig. 1a). 

The applied indentation depth (piezo motor movement) and the actual 
indentation depth (depth of indentation reached across the cartilage thickness) 
are different. The applied indentation depth is a combination of the cantilever 
deflection and the actual indentation depth; therefore, the actual indentation depth is 
calculated by subtracting the measured cantilever deflection from the displacement 
of the probe from the point of contact. 

In this study, different probes in terms of size (radius; r, μm) and cantilever 
stiffness (k, N/m) were used as follows: P1 (r = 50, k=  20); P2 (r= 50, k=  100); P3 (r= 150, 
k=  12). An indentation protocol including 18 μm depth of indentation for 1 second 
in the loading phase followed by 7 seconds holding time and finally unloading for 
20 seconds was applied. The maximum indentation depth was maintained below 
10% of the specimen thickness [9, 17]. Cartilage thickness was measured (199.8 ± 18 
μm) using micro-computed tomography (micro-CT) as described in supplementary 
document [18, 19]. The effective elastic modulus was calculated using the slope of 
the initial portion of the unloading curve using the Oliver-Pharr theory shown in 
the following equations [8, 20] (Fig. 1b). 

                                                                                                                                                        (1)   

final
r hhr

SE
−

=
max

2/12
                                                                                                                    (2)

where P  is the load, maxh  and finalh  depict maximum indentation displacement 
and final unloading depth respectively, r  is the spherical indenter radius, S  shows 
the elastic unloading stiffness, and rE  indicates the effective elastic modulus.

Location dependent effect

Prior to study the spatial variation, we checked the required recovery time - the 
waiting time required to achieve the same readout - between each indentation 
test at the same test location. For this purpose, single indentations with different 
repetition times were performed. 

Spatial variations within a fixed frame

We performed multiple indentations within a fixed 900×900 μm2 area with different 
distances on the rat tibia plateau (Fig. 1c). We subsequently increased the number 
of indentations by applying several indentation matrix sizes including 2×2, 3×3, 6×6, 

dh
dPS =



Micro-indentation protocol 

147

6

9×9, 12×12 and 16×16 within the 900×900 μm2 square corresponds with distances of 
900, 450, 180, 112.5, 82 and 60 μm between each indentation point. All indentations 
aimed at determining the effects of the location dependency were performed using 
probe P1 providing indentation depths in the range of 4 to 9 μm. An additional 
indentation protocol was followed for a different group of samples using a stiffer 
probe (P2), which resulted in higher indentation depths from 7 to 12 μm. Since we 
obtained a reproducible average effective modulus using a matrix size of 12×12 with 
probe P1 (shown in result section), the effects of the characteristics of the indentation 
and indenter on the obtained elastic modulus were studied using an indentation 
matrix of 12×12 (number of indentations=144) (Fig. 1d).

Figure 1. a. The probe and cantilever images taken by stereo microscope, b. force-displacement curve 
obtained by Piuma as well as coronal images obtained from micro-CT scans of the rat tibia and the 

regions of interest for measuring cartilage thickness; the dashed line depicts the slope (S) of the initial 
portion of the unloading curve in the load (P)-displacement (h) curve, c. tibia plateau of the rat knee 

joint with square frames in which the indentations were performed, d. schematic picture of 12×12 
indentation matrix.

Indenter

a b

c d
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Location dependency outside a fixed frame

In the next step, we determined the spatial variation outside the 900×900 μm2 area 
by slightly changing the location of the indentation frame. Therefore, the location-
dependency was studied using two separate measurements of 12×12 matrices: (a) 
with a maximum possible distance of 200 μm between old and new frames (Fig. 1c) 
and (b) by removing the sample from nanoindenter machine and prepare it again 
for the experiment.

Indentation depth and indenter radius effect

The effect of indentation depth was investigated using probes P1 and P2 (with 
different cantilever stiffness) on the same location of the same sample with 12×12 
indentation matrix size. Similarly, the same measurements were carried out using 
probes P1 and P3 to study the effects of the probe size (Fig. 2). 

Medial and lateral tibia plateau differences

We aimed to check whether any differences within two anatomical locations using 
the optimized indentation protocol can be detected. For this purpose, we ran a 
12×12 indentation matrix on the 900×900 μm2 area in the central part of both medial 
and lateral components for each animal (n=5). 

Figure 2. Schematic image of the indentation probe (r: radius) on the Safranin-O stained histology 
section of the rat tibia with different indentation depths (different cantilever stiffness) and different 

probe radius.

Results

Reproducibility for single indentation 

Repeated measurements at one location showed that a waiting time of 30-seconds 
was enough for full recovery after which obtained values of the effective elastic 
modulus were within 5% margin (Table 1). 
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Table 1. Single point indentation modulus at different time points.

Reproducibility of average effective elastic modulus within a fixed frame

The observed spatial variation was, however, large and up to 20-fold for different 
locations within the 900×900 μm2 square frame, even when these locations were 
very close to each other (within 60 μm) (Fig. 3). For probe P1, by increasing the 
matrix dimensions, the trend of the modulus distribution reached a stable direction 
(n=4) - with relatively equal average modulus number - and the modulus map 
related to the matrix dimensions (12 and 16) converged (Fig. 3 a,b). In addition, 
when expressed as percentages, the difference between the average modulus of 
matrix sizes 9×9 and 12×12 were small (average 6.1± 4.0 %) (Table 2). For probe P2, 
we detected the same converging trend for matrix sizes of (6×6 and 9×9) as well as 
(9×9 and 12×12) with average differences of 10.8 ± 2.1 % and 7.7 ± 4.6 % in effective 
elastic modulus, respectively (Table 3). 

Table 2. Average and standard deviation of effective elastic modulus in different matrix sizes using 
probe P1 (r = ~50 µm, k= ~ 20 N/m).

Time of 
measurement

Effective elastic 
modulus (MPa)

Start 1.18
After 30 sec 1.19
After 1 min 1.21
After 2 min 1.24
After 5 min 1.20

Effective elastic modulus 
(Ave±STD) (MPa) Sample 1 Sample 2 Sample 3 Sample 4

Matrix size 2*2 1.68±0.6 1.18±0.5 2.88±0.6 2.71±3.2

Matrix size 3*3 0.74±0.6 0.94±0.4 2.99±2.3 3.59±2.9

Matrix size 6*6 0.93±0.9 0.60±0.2 3.40±2.0 4.42±3.9

Matrix size 9*9 1.49±1.2 0.51±0.2 2.41±1.4 5.64±4.8

Matrix size 12*12 1.59±1.4 0.58±0.3 2.30±1.5 5.58±4.9

Percentage change of matrix 
size 6 with respect to 9 37.6% 17.6% 41.1% 21.6%

Percentage change of matrix 
size 9 with respect to 12 6.3% 12.1% 4.8% 1.10%
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Figure 3. a. Trend of the average elastic modulus in different matrix dimensions (for figure 
clarification, the standard deviation is only shown in one direction), b. the interpolated distribution 

of the effective elastic modulus measured from a series of indentations (on sample 3) in the 900 × 900 
µm² frame using probe P1. The heat maps represent the effective elastic modulus where low modulus 

value is shown with blue and high modulus value is with red. The stiff region at the boundaries in 
the 6×6 and 9×9 grids is not observed in the 12×12 and 16×16 grids. The reason is that the accuracy 
of having a fixed frame for all matrix dimensions is within 20 µm. Even such a small movement can 
slightly change the map of indentations. Furthermore, it should be considered that the indentation 

locations within the square frame are different in different matrix sizes.
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Table 3. Average and standard deviation of effective elastic modulus in different matrix sizes using 
probe P2 (r= ~50 µm, k= ~ 100 N/m).

Reproducibility of average effective elastic modulus outside a fixed frame 

The effective elastic modulus at two different locations on the same specimen with 
a 12x12 matrix size is shown in Table 4. An average variation of 14.1 ± 9.7 % was 
estimated when comparing indentation matrices with a slightly different locations 
(n=6). 

Table 4. Location dependency effect using 12x12 matrix using probe P1.

Indentation depth and indenter radius effect

The matrix of indentation using the stiffer probe (P2) with approximate indentation 
depth of 7 to 12 μm resulted in higher moduli as compared to the softer probe (P1) 
with approximate indentation depth of 4 to 9 μm (n=4) (Fig. 4a,b). The average 
effective elastic modulus for stiffer probe was considerably higher than that for the 
softer probe (Table 5), indicating that the deeper cartilage layers are stiffer.

Effective elastic modulus 
(Ave±STD) (MPa) Sample 1 Sample 2 Sample 3

Matrix size 6*6 2.44±1.8 1.56±0.5 3.13±1.9

Matrix size 9*9 2.26±1.8 1.76±0.6 2.77±1.8

Matrix size 12*12 2.29±1.4 1.96±0.7 2.48±1.7

Percentage change of matrix 
size 6 with respect to 9 8.0% 11.4% 13.0%

Percentage change of matrix 
size 9 with respect to 12 1.3% 10.2% 11.7%

Effective elastic 
modulus (Ave±STD) 

(MPa)
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

First location 2.7±2.3 3.79±3.3 1.17±0.5 6.7±3.1 2.5±1.4 8.6±5.3

Second location 3.3±2.7 3.76±2.7 1.12±0.4 7.96±2.7 3.2±2.3 7.7±5.0

Percentage change 
of second location 

value with respect to 
the first one

22.2% 0.8% 4.3% 18.8% 28.0% 10.5%
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Furthermore, different probe sizes ranging from 50 to 150 microns (P1 and P3) with 
roughly similar indentation depths yielded different modulus values (Table 6) and 
distribution maps (Fig. 4c,d).  

Figure 4. The distribution of the effective elastic modulus measured from a 12×12 matrix of 
indentation in the 900 x 900 µm² region. Top: effect of indentation depth using probes with different 
cantilever stiffness: a. probe P1, b: probe P2; Bottom: effect of affected contact area using probes with 
different sizes: c. probe P1, d. Probe P3. The heat maps represent the effective elastic modulus where 

low modulus value is shown with blue and high modulus value is with red.

Table 5. Indentation depth effect.

Table 6. Indenter size effect.
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Effective elastic modulus 
(Ave±STD) (MPa) Sample 1 Sample 2 Sample 3 Sample 4

Lower ind. Depth (P1) 1.8±1.1 0.97±0.52 2.8±2.1 3.5±1.6

Higher ind. Depth (P2) 2.9±2.0 1.8±0.97 3.2±1.8 6.4±2.3

Effective elastic 
modulus (Ave±STD) 

(MPa)
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Small probe size 
(P1) 3.5±1.6 4.6±4.2 4.8±1.9 1.0±0.5 1.8±1.1

Large probe size 
(P3) 1.3±0.8 5.1±4.1 2.1±2.2 2.1±1.4 2.5±2.7
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Medial and lateral tibia plateau differences

The average effective elastic modulus of the lateral component of the rat tibia plateau 
(4.2 ± 2.6 MPa) was in average 1.6-fold higher than that of the medial component 
(2.6 ± 1.9 MPa) (Table 7). 

Table 7.  Medial and lateral differences of tibia plateau using probe P1.

Discussion

The effective elastic modulus of the superficial layer of cartilage tissue in a rat knee 
can be reproducibly measured. The cartilage stiffness as obtained from indentation 
tests is highly variable on the indentation and indenter characteristics. Importantly, 
although the standard deviation for measurements at exactly the same location is not 
very large (within 5 %), the intrinsic spatial variability is quite large, necessitating 
a large number of indentation measurements to provide a representative 
characteristic for an effective elastic modulus of the tissue under investigation. 
Therefore, to provide the mechanical characteristics for a region of interest of  
900x900 μm2 requires at least over 100 to 150 indentations for the probe size (50 
microns) and indentation depths (4-12 microns) used in this study (Fig. 3; Table 2,3). 
Having both larger contact area and higher indentation depth, smaller number of 
indentations is required. Using an appropriate number of indentations is not only 
required for finding the right average stiffness value for the actual measurement 
within the expected area, but also provides the reproducibility of the entire test. 
Replacing the sample in the indenter and performing a re-test on a second (slightly 
different) location is within 30%. Notably, this number is lower for most test-retest 
experiments (see Table 4), however two samples showed a difference of over 20% 
(22.2% and 28% respectively), so a very high reproducibility cannot be guaranteed. 

Additionally, a very high degree of spatial variability certainly contributes to 
large variability in obtained modulus values. However, carefully controlling other 
parameters such as consistency of the indentation depth and indentation contact 

Effective elastic 
modulus (Ave±STD) 

(MPa)
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Medial side 2.8±2.1 2.3±1.8 2.1±1.7 4.8±2.7 1.0±0.5

Lateral side 3.5±1.6 4.6±4.2 5.0±2.4 6.1±2.6 1.8±1.1

Increased percentage 
change of medial side 
value compared to  the 

lateral side

20.2% 50.3% 57.4% 21.6% 45%
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area can reduce this. Comparing the results obtained from probes with different 
levels of cantilever stiffness confirms that increasing the depth of indentation results 
in higher effective elastic modulus. This is likely caused by the fact that the GAG 
content increases with increasing depth and may also be due to matrix stiffening 
of the superficial layer. Overall, the effects of the above-mentioned parameters can 
be also observed in Fig. 2 where a histological section of the rat tibia is shown [21, 
22]. Using the softer probe (P1), we indented a region of the superficial layer whose 
dimensions are close to those of one chondrocyte, while using stiffer probe (P2) 
we were able to perform deeper indentation in the superficial layer. Moreover, the 
structure of the cartilage tissue is more uniform and compact in its deeper zones 
(Fig. 2) [1, 7, 23, 24]. These aspects obviously explain the large spatial variability and 
the faster convergence (lower required number of indentations) for the modulus 
pattern when the stiffer probe (P2) is used. 

Probe size also affects the effective elastic modulus due to the high spatial 
variability. The data obtained using probes P1 (radius 50 microns) and P3 (radius 
150 microns) show that the effective contact area plays an important role in 
determining the measured modulus numbers (Fig. 4c,d). The larger probe (P3) has 
a wider contact area and therefore captures a different indentation area (see Fig. 2) 
and as a result a different effective elastic modulus is obtained for the same location 
(Table 6). 

We observed a large variation between the medial and lateral compartment 
which likely indicates a specific loading pattern over the medial and lateral sides of 
the joint for this rat strain that might be related to the anatomy. 

Articular cartilage has an anisotropic architecture with varied thickness and 
surface curvature that influence the subsequent balance in swelling pressure of the 
cartilage tissue [10, 15, 25-27]. Given the zone-dependent characteristics of articular 
cartilage, it is also interesting to investigate elasticity in higher indentation depths. 
Additionally, we measured the effective elastic modulus, while Poisson’s ratio can 
also influence the articular cartilage mechanical behavior [28]. The time-dependent 
behavior of articular cartilage causes errors due to the continuous time dependent 
deformation. More accurately, there are some advanced analytical methods in 
order to interpret the data obtained from indentation experiments considering the 
poroelastic behavior of cartilage tissue [12, 29-32]. The analytical methods could be 
used for estimating the mechanical properties of cartilage taking its anisotropic and 
poroviscoelastic nature into account. The relevant indentation data are presented in 
the supplementary document accompanying this paper.

In summary, the current study provides guidelines for designing an optimized 
indentation protocol that could be used to characterize the mechanical properties of 
small areas of cartilage. The mechanical characteristics depend considerably on the 
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size of the indenter as well as the indentation depth, making comparisons between 
different indentation experiments (from the literature) not possible. Furthermore, 
the stiffness of the cartilage has a large spatial variation and only a refined set 
of indentations can provide a true representation of the micro-scale mechanical 
properties of cartilage. 
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Supplementary document

Micro-computed tomography (micro-CT)

Post equilibration in phosphate buffer serum solution (300 mOsm/kg water) rat tibia 
samples were scanned in air using a micro-CT (Quantum FX, Perkin Elmer, USA, 
20×20×20 µm3 voxel size, tube voltage of 90 kV and tube current of 180 µA). Attention 
was paid to remove bound water on cartilage surface prior to micro-CT scan. In 
the reconstructed 3D image the cartilage was segmented from the underlying bone 
(ImageJ, v1.47) followed by the thickness measurement using the boneJ plugin.

It is possbile to find the indentation curves per each research question for several 
samples via below link:

https://drive.google.com/file/d/0BwyrvL8wBXITQXpGdmNOUktaRWM/
view?ts=57d7ed22
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Abstract 

Objective: Better understanding of the transient cartilage and bone state before 
progressive osteoarthritis (OA) could potentially aid in prevention of OA. This 
study aims to investigate the earliest alterations of bone and cartilage tissues as a result 
of different exercise protocols in the knee joint of Wistar rats. 

Design: Three running activity regimes were imposed: i) constant running for 6 weeks 
at 1.12 km/h for one hour per day; ii) adaptive running where rats could slowly adjust 
to the 1.12 km/h per day running during the first 8 weeks with subsequent constant 
running for 6 weeks; and iii) non-running. Various analyses at different experimental 
time points were conducted. Bone morphology in epiphysis, metaphysis, and diaphysis 
were monitored using micro-computed tomography. Cartilage tissue was assessed 
through histological evaluation, mechanical testing, and gene expression analyses.

Results: The two running groups developed mild symptoms of cartilage irregularities, 
such as chondrocyte hypertrophy in the deep zone and cell clustering in the superficial 
and intermediate zones, in particular for the adaptive running protocol. There was a 
slight reduction in the effective elastic modulus of cartilage in the running groups. The 
adaptive running showed an increase in aggrecan gene expression and reduction of 
MMP2 expression after the initial 8 weeks of the adaptive running exercise.  

Conclusion: The running exercise models in this study showed mild bone and 
cartilage/chondrocyte mechano-sensitive responses. These responses lead to small 
tissue alterations that can be considered as pre-osteoarthritis, in particular regarding 
subchondral bone plate adaptation and chondrocyte hypertrophy and clustering.
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Introduction

Osteoarthritis (OA) is a progressive degenerative disease affecting the whole 
articulating joint with disturbed bone remodeling, degenerated extracellular matrix 
of articular cartilage, synovial inflammation, and changes in the normal functions 
of cells [1]. OA progresses from a mild form to advanced pathology hallmarks 
by debilitating pain. Therefore, understanding minor initial changes that lead to 
pre-OA is important to decipher the etiology of OA [2]. Pre-OA is considered a 
long-term transition state before the occurrence of definite structural changes in the 
involved tissues. In particular, specific cellular processes are initiated at the pre-
OA stage [3]. Even though the avascular articular cartilage has limited regeneration 
capability, it has shown substantial healing capacity at this stage [4]. This underlines 
the importance of detecting the earliest degenerative signs in the joint that might 
affect cartilage and/or bone [5]. 

Finding the earliest signs of OA prior to irreversible degradation is challenging. 
Monitoring techniques such as in vivo micro-computed tomography (micro-CT) 
and single-photon-emission computed tomography (SPECT-CT) have emerged 
as sensitive tools in order to record bone and cartilage changes as well as 
inflammatory responses in different etiological models of OA [6-8]. There are also 
studies that have measured bone-related changes like subchondral and trabecular 
bone characteristics, and osteophyte formation using micro-CT [9-11]. Since the 
surface layer of cartilage is of great importance for the structural integrity of the 
whole tissue [12], indentation-type atomic force microscopy has been proposed as 
a diagnostic tool by Stolz et al. [13] to detect early changes in the nano-mechanical 
properties of the cartilage surface layer.

In the current study we aimed to create a biomechanically induced pre-OA state 
in a rat model to study the earliest signs of anomaly in the loaded joints. In principle, 
physical activity could have both positive and negative effects on bone and cartilage 
depending on the frequency and amplitude of the load [14]. Potential positive 
effects of physical activity may be attributed to the adjustment of the metabolism 
and viability of chondrocytes and osteocytes through which mechanical loading 
influences both cartilage matrix and bone architecture [15]. The negative effects of 
intensive physical activity, on the other hand, are likely due to the overuse damages 
incurred to the involved tissues which exceed their regenerative capacity [8]. 
Chondrocytes respond to mechanical loading by changing the proteoglycan content 
of cartilage, while they do not make more collagen [16]. Since glycosaminoglycan 
(GAG) level in cartilage, among other parameters, is dependent on the duration and 
magnitude of mechanical loading [17, 18], moderate levels of physical activity may 
be beneficial for cartilage health. Intensive mechanical loading may, nevertheless, 
result in collagen damage, which is considered irreversible. It is therefore quite 



Chapter 7

164

difficult to distinguish the narrow margin between too little and too much physical 
activity [19]. The study of pre-OA using physical activity models may therefore 
require more than one protocol to improve understanding of the role of mechanical 
loading. 

To study the earliest alterations in the involved tissues, we started from a 
6-weeks 1.12-kilometer in one hour per day running protocol that provoked mild 
GAG loss in earlier work [20, 21]. An additional 8-week running protocol with 
gradually increasing intensity was then added to capture the effects of gradual 
increase in physical activity on the involved tissues. It was hypothesized that the 
latter protocol would create an adaptation of the tissues during the eight weeks of 
gradual increasing activity and thereby protects the tissue in the next six weeks 
of intense running. Both of these groups were compared to a non-running control 
group. The effects on cartilage and bone as a consequence of various running 
protocols were closely monitored at different time intervals using micro-CT (bone 
morphometry), histology, micro-indentation, and RT-PCR for gene expression of 
some relevant genes.

Materials & Methods

Experimental animals and study design

Eighty male Wistar rats (8 weeks old, weight 280-350 g) obtained from (Charles 
River, Germany) were used in this study. The total study period was 20 weeks. 
The animals were divided into three groups based on the running protocol: i) an 
adaptive running group that ran for 8 weeks with gradually increasing velocity and 
time of running followed by a constant running program which was 6 weeks of 1.12 
km/h running per day, ii) a non-adaptive running group (constant running group) 
that initially rested for 8 weeks followed by 6 weeks of constant running and, iii) 
a control group (no running) (Fig. 1). The rats in the constant running group were 
trained in the week prior to the start of the treadmill exercise program [21]. Running 
took place on a 5-lane motorized rodent treadmill (LE-8700; Panlab Harvard 
Apparatus). Animals were kept under controlled temperature with 12-hour light/
dark cycle with ad libitum access to tap water and standard food pellets. Detailed 
information regarding the running regimes for each group and cumulative running 
distance are described in the supplementary document (Table 1). As shown in figure 
1, we had 8 subgroups, each comprising 10 rats with endpoints at 8 (endpoint-1), 
14 (endpoint-2), and 20 (endpoint-3) weeks. The constant running protocol was the 
same as the non-running protocol up to endpoint-1 so only one subgroup (n-10) 
was included for both protocols at this endpoint. One rat from the adaptive running 
group was removed from the experiment at endpoint-1, because it did not run on 
the treadmill. The animals were weighed at regular intervals. Before starting the 
experiment (week 0), we performed in vivo micro-CT to assess bone morphology 
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related parameters. At each follow-up time point, we analyzed the influence of 
running protocols on the cellular, molecular, and tissue level properties using 
micro-CT, histology, RT-PCR, and micro-scale indentation tests. The study was 
approved by the Utrecht Animal Ethics Committee (DEC, 2014.III.01.010).

 

Figure 1. Exercise protocols of different experimental groups; E1, E2, and E3 respectively indicate 
various time points: endpoint-1 (after 8 weeks), endpoint-2 (after 14 weeks), and endpoint-3 (after 
20 weeks). Male Wistar rats (8 weeks old) were divided into three groups: one adaptive running 

group (n=29), one constant running group (n=20), and one control group (n=30). Except the rats in 
control group, the rest were subjected to a constant running regime for a period of 6 weeks. The rats 
in adaptive running group started their exercise training with an adaptive running regime 8 weeks 

before the constant running period.

Micro-CT analysis to measure bone characteristic 

Micro-CT (Quantum FX, Perkin Elmer, USA) scans were made with the following 
parameters time = 3 min, voxel size = 42 μm3, tube voltage = 90 kV, and tube current 
=180 μA. Serial 2D coronal images were obtained from 3D reconstructed micro-CT 
images using Analyze 11.0 (Perkin Elmer, USA). We performed local segmentation 
on the pre-processed images in ImageJ (1.47v) using Bernsen algorithm with a radius 
equal to 5. The bone parameters were measured in different regions of the tibia 
including epiphysis, metaphysis, and diaphysis by selecting the proper regions 
of interest using BoneJ (a plugin of ImageJ). In the tibial epiphysis, we calculated 
subchondral bone plateau thickness (Sb. Pl. Th.) and its porosity (Sb. Pl. Por.) as well 
as trabecular bone thickness (Tb. Th.) and its bone volume fraction (Tb. BV/TV). 
Furthermore, metaphyseal trabecular thickness (Tb. Th.) and diaphysial cortical 
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thickness (Co. Th.) were computed.

Histopathological examination of the knee joint

After micro-CT scanning, animals were euthanized and left knees were harvested 
and fixed in 4% formaldehyde solution (Klinipath, The Netherlands) for 1 week. 
They were then decalcified by EDTA solution (12.5%, VWR, Belgium) for 40 days 
and after serial dehydration in graded ethanol solutions (Brunschwig Chemie, The 
Netherlands) were embedded in paraffin. 5 µm thick sections at 300 µm intervals 
were obtained using a microtome (Thermo scientific Micron HM 340E, Germany). 

Knee joint slides were examined by Safranin-O with a fast green to investigate 
the whole tissue structure, GAG content, and chondrocytes. Histological sections 
for both medial and lateral portions were semi-quantitatively scored. The grades 
were:  0, intact cartilage surface and normal chondrocytes morphology; 1, slight 
GAG loss (up to 10% of the cartilage area) in the superficial zone, cell proliferation 
and clustering (up to 30%) in the superficial and middle zones, and hypertrophic 
chondrocytes (up to 20%) in the deep zone and tidemark; 2, moderate GAG loss 
(up to 30%) in the superficial zone, cell proliferation and clustering (up to 60%) in 
the superficial and middle zones, and hypertrophic chondrocytes (up to 40%) in the 
deep zone and tidemark; 3, marked GAG loss (greater than 30%) in the superficial 
zone, cell proliferation and clustering (greater than 60%) in the superficial and 
middle zones, and hypertrophic chondrocytes (greater than 40%) in the deep zone 
and tidemark. 

RNA isolation and quantitative RT-PCR 

The effect of exercise on the response of chondrocytes was investigated using RT-
PCR for the following cartilage relevant genes: type II collagen (COL2A1), aggrecan 
(ACAN), matrix metalloproteinases (MMP-2), (MMP-9), and (MMP-13). Femoral 
condyles of the right knee joint were isolated. After immediate snap-freezing in 
liquid nitrogen, the samples were stored in a -80 ºC freezer. A maximum cartilage 
thickness of 200 μm from both medial and lateral femoral condyles was cut using 
a cryotome (Thermo scientific CryoStar NX70, China). RNA was extracted from 
cartilage tissue using RNA isolation kit (miRCURYTM cell and plant, Exiqon 300110, 
Denmark) in accordance with the instructions provided by manufacturer. The RNA 
concentrations were quantified using nanodrop (DeNovix DS-11, USA) and Agilent 
bioanalyzer (RNA 6000 Pico assay, Germany). cDNA was synthesized from 30 ng 
total RNA in a total volume of 20 μl using iScript™ cDNA Synthesis Kit (Bio-Rad 
Laboratories B.V., Veenendaal, The Netherlands). Quantitative PCR was performed 
in mono using a Biorad iCycler CFX384 Touch™ thermal cycler, and IQ SYBR Green 
Super mix (Bio-Rad Laboratories). First, the difference between cycle threshold (Ct) 
value of each target gene from the average Ct value of two housekeeping genes, 
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namely glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin (ACTB1) 
was calculated (ΔCt). Then, the normalized expression levels were determined.

The primers were purchased from Eurogentec (Maastricht, The Netherlands) 
and are as follows: COL2A1 (forward: AAAGTCTTCTGCAACATGGAG, reverse: 
TAGCTGAAGTGGAAGCCG), ACAN (forward: CTTAGCAGGGATAACGGAC, 
reverse: ATGGTCTGGAACTTCTTCTG), MMP-2 (forward: 
TCCCTGATAACCTGGATGC, reverse: CCAACTTCAGGTAATAAGCACC), 
MMP-9 (forward: CGCTTGGATAACGAGTTCTCTG, reverse: 
TCACACGCCAGAAGTATTTGTC), MMP-13 (forward: 
TAACCAGACTATGGACAAAGAC, reverse: CTGTATTCAAACTGTATGGGC), 
GAPDH (forward: CAATGACAACTTTGTGAAGC, reverse: 
CATGTAGGCCATGAGGTC), and ACTB1 (forward: AAGGAGATTACTGCCCTGG, 
reverse: GCTGATCCACATCTGCTG). The primers were designed and the 
sequences were confirmed according to a previously described method [22]. 

Nano-indentation for cartilage stiffness 

The tibia component of the right knee joint was isolated and stored at -20 ºC. To 
perform indentation experiments, the tibia plateau was defrosted and equilibrated 
in PBS supplemented with protease inhibitor (complete, Roche, Mannheim, 
Germany). Indentations were performed on the central part of both medial and 
lateral components of the tibia plateau using a displacement-controlled nano-
indenter instrument (Piuma, The Netherlands) and a spherical probe (Optics, 
the Netherlands) with a radius of 50 µm and a cantilever stiffness of ~100 N/m. 
Indentation tests were conducted on the cartilage tibia plateaus with 81 indentations 
(9×9 matrix) at a 1 mm2 square [23]. The effective elastic modulus was calculated 
based on the Oliver-Pharr theory from the initial portion of the unloading part of 
the load-displacement curve [24].

Statistical analysis

One-way ANOVA followed by the Bonferroni correction was used to test the 
differences between the control group and two running groups at each time point. 
At endpoint-1, differences between the control group and adaptive running group 
were assessed using the Student’s unpaired t-test. The differences between the 
groups over time were compared using two-way ANOVA. A linear mixture model 
was used to compare the mechanical properties measured at different locations 
between the three groups at each time point (IBM SPSS, v22). Statistical significance 
threshold was set at p< 0.05. 
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Result

Body mass 

The weight of all rats was 308.0 ± 15 g (mean ± STD), 489.5 ± 46 g, 522.9 ± 57 g, and 
589.9 ± 58 g at the beginning (8 weeks old), first, second and final (28 weeks old) 
endpoints of the experiment, respectively. At endpoint-2, there was a significant 
difference between the weight of both running groups and sedentary control (p< 
0.0001, see Fig. 2), which slowly decreased in the remaining 6 weeks of non-running.

Figure 2. Weight increasing percentages of the rats in control, adaptive running and constant 
running groups from the beginning till the end of the experimental time. Control, constant running 

and adaptive running groups are respectively shown with white circle, gray square, and black 
triangle. For figure clarification, the standard deviation was shown in one direction. *** indicates a 

p-value ≤ 0.001, **** p-value ≤ 0.0001. 

Bone changes 

Micro-CT result on tibial epiphysis 

The bone morphometric parameters had a rather small variation between animals 
within the group (Fig. 3). The non-running control animals showed a clear increase 
of the subchondral bone plate in the first 14 weeks of the follow-up period, likely 
related to normal growth. Similarly the subchondral plate porosity decreased in 
the first 8 weeks when the rats aged from 8 weeks to 16 weeks. The time curves 
of the animals of the two running regimes were considerably different for some 
of the bone morphometric parameters, clearly indicating an effect of the running 
protocols. Bone changes between groups were mainly observed on the medial side 
of the knee joint. After the initial 8 weeks of the adaptive running, the thickness of 
medial tibial subchondral bone plate increased and the porosity decreased relative 
to the non-running control group (p=0.015 and p=0.008) (Fig. 3a, b). Bone volume 
fraction of trabecular bone underlying the subchondral bone was also higher in the 
adaptive running animals at endpoint-1 (p=0.04) (Fig. 3f). 
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After 14 weeks, at endpoint-2, the situation inversed; the subchondral bone 
plate thickness of the medial tibia component of the knee joint in both running 
groups was thinner than that of the non-running control group (p=0.0018) (Fig. 
3a). Differences between the thickness of the subchondral bone tibia plateau of 
each animal compared to the starting point (delta value) exhibited a similar trend 
(p=0.015). This was coincident with significantly reduced epiphyseal trabecular 
bone thickness of both running groups in comparison with that of the control group 
(p=0.0047) (Fig. 3e). However, the adaptive running group had lower subchondral 
plate porosity (Fig. 3b).

At the end of the experiment at week 20 these differences disappeared except 
slightly lower epiphyseal bone thickness for the constant running group at 
endpoint-3 (Fig. 3e).

Figure 3. Micro-CT result on tibial epiphysis. (a,b) Shubchondral bone thickness (Sb. Pl. Th.) and 
shubchondral bone prorosity (Sb. Pl. Por.) of the medial and (c, d) lateral plateau as well as (e, f) 

medial trabecular bone thickness (Tb. Th.) and medial trabecular bone volume fraction (Tb. BV/TV) 
were measured. (g) Coronal view of reconstructed image of the rat knee joint and the selected regions 
of interest (ROIs) in subchondral bone tibia plateau and trabecular bone. Control, constant running 
and adaptive running groups are respectively shown with white, gray, and gray/black. * p-value ≤ 

0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.005. 

Micro-CT result on tibial metaphysis and diaphysis 

To verify if the differences found in the epiphyseal regions were related to potential 
altered (metabolic) activity of the joint itself and not a general bone adaptation to 
the loading only, we analyzed the metaphyseal and diaphyseal bone further away 
from the joint. No significant differences were found in metaphyseal trabecular 
thickness and diaphysial cortical thickness between the three groups (Fig. 4a, b). 
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After the initial 8 weeks training exercise program, the adaptive running group 
showed thinner metaphysis and diaphysis, although not significant, compared 
with the two other experimental groups. Interestingly, after 6 weeks of constant 
exercise program (endpoint-2), both groups of running rats showed thicker cortical 
shell thickness in the diaphysis (Fig. 4b) compared to control animals. This indicates 
a reverse trend with what we observed in the epiphysis, indicating that the findings 
in the epiphysis were specific for the joint.

Figure 4. Micro-CT result on tibial metaphysis and diaphysis. (a) Trabecular thickness (Tb. Th.) 
and (b) cortical shell thickness (Co. Th.) were measured.  (c) Coronal view of reconstructed image of 
the rat knee joint and the selected regions of interest (ROIs) in metaphysis and diaphysis. Control, 
constant running and adaptive running groups are respectively shown with white, gray, and gray/

black. (=) shows that only one subgroup was considered for both control and constant running 
groups at endpoint 1.

Histological changes of articular cartilage

The histological appearance was different between the running and control animals 
(Fig. 5). Both the running groups had higher scores at the medial side shortly after 
the constant running period (Fig. 5, 14 weeks). This continued after the 6 weeks 
resting period, in particular for the adaptive running group (Fig. 5, 20 weeks) 
which was characterized by a reduction in the proteoglycan content of the cartilage 
surface layer, hypercellularity and cell clustering in the superficial and mid-layers and 
hypertrophic chondrocytes in the deep zone (p=0.019) (Fig. 5c). At the lateral side, 
the adaptive running group showed more sensitivity in terms of chondrocyte 
morphological changes after 8 weeks as compared to the control group (p=0.025) 
(Fig. 5b). 



Effects of different treadmill exercise on bone and cartilage

171

7Figure 5. Changes in the chondrocyte population and morphology as well as GAG loss determined 
by Safranin-O histological staining on (a) medial and (b) lateral component of the rat knee joint for 
all three groups at different experimental time points. (c) Representative safranin-O-stained images 

of tibial cartilage of (top) control and (bottom) adaptive running groups at endpoint-3. Arrows 
indicate hypercellularity, cell cloning in the superficial and mid-zones, and abnormality in tidemark. 
As figure description, box-whiskers plot was used where the lines show the lowest and highest values, 
and the boxes represent the 25th to 75th percentiles as well as the median. The average value for each 

box is shown with (+).  Control, constant running and adaptive running groups are respectively 
shown with white, gray, and gray/black. * indicates a p-value ≤ 0.05. (magnification= 100×). (=) 
shows that only one subgroup was considered for both control and constant running groups at 

endpoint 1.

Gene expression  

At endpoint-1, aggrecan was 1.55-fold up-regulated while MMP-2 was 
2.38-fold down-regulated in the adaptive group compared to control 
(p< 0.05) (Fig. 6b, c). Gene expression was not significantly different for 
other genes. Furthermore, no significant changes were detected in the 
expression of either anabolic or catabolic factors at endpoint-2 or -3 (Fig. 6).
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Figure 6. Normalized gene expression for (a) COL2A1, (b) ACAN, (c) MMP-2, (d) MMP-9, and (e) 
MMP-13 in three experimental groups (n=6-7) after 8, 14, and 20 weeks of follow-up. The values are 
expressed as a Log2. Positive values depict up-regulation and negative values depict down-regulation 

of gene expression. GAPDH and ACTB1 were used as reference genes. As figure description, box-
whiskers plot was used where the lines show the lowest and highest values, and the boxes represent 
the 25th to 75th percentiles as well as the median. The average value for each box is shown with (+).  
Control, constant running and adaptive running groups are respectively shown with white, gray, 
and gray/black. * indicates a p-value ≤ 0.05. (=) shows that only one subgroup was considered for 

both control and constant running groups at endpoint 1.

Mechanical properties

The lateral tibia exhibited approximately a two-fold higher effective elastic 
modulus as compared to the medial side for all three groups. Animals in the 
two running group had a lower effective elastic modulus at the lateral side both 
after weeks 14 and 20 weeks compared to the non-running control group (Fig. 7).
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Figure 7. The effective elastic modulus measured from a 9×9 matrix of indentation on the center of 
both (a) medial and (b) lateral tibia plateaus of the rat knee joint. (c) The interpolated distribution 
of the effective elastic modulus obtained from a series of indentations in the 900 x 900 μm2 square 
frame in which the indentations were performed. Control, constant running and adaptive running 
groups are respectively shown with white, gray, and gray/black. (=) shows that only one subgroup 

was considered for both control and constant running groups at endpoint 1.

Discussion 

In this study, we used two carefully designed running protocols to study the 
joint tissue response. The constant running protocol applied in the current study 
was used before and induced mild cartilage degeneration in earlier studies [9, 20, 
25]. The adaptive running protocol in the current study was introduced under 
the hypothesis that a more gradual introduction of the loading would allow for 
adaptation and protect the joint from further damage during the constant running 
protocol. However, this hypothesis didn’t hold true. In the first place the pre-OA 
status found after the constant running regime was in the current study even milder 
than previously reported [9, 20, 26]. Second, the adapted running protocol did not 
protect the animals from cartilage degradation and even further enhanced the mild 
changes found as a consequence of running. In fact, both running protocols induced 
a joint status that can be considered as pre-OA.

     Both cartilage and bone tissue were characterized using a multitude of assays 
at multiple points within the running protocols. On the whole, the involved 
tissues showed consistent and significant, albeit very mild changes. These changes 
involved histological findings with respect to cellularity and hypertrophy, 
molecular activities related to cartilage turnover, and altered bone activity. The 
latter alterations were clearly related to the joint only and not a consequence of 
the loading protocol itself as the subchondral changes were different from the 
changes remote from the joint (Fig. 3 and 4). The most important aspects regarding 
the degenerative effects are the histological findings with respect to the superficial 
loss of proteoglycans, the superficial and mid-zonal chondrocyte clustering and the 
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hypertrophic chondrocytes in the deep zone found in the running animals. This 
was not repaired after the 6 weeks rest (Fig. 5a, c). These observations indicate that 
chondrocytes are subjected to some kind of pathological stress and are experiencing 
abnormal conditions [27]. 

         It seems safe to conclude that the applied running protocols have been successful 
in eliciting a mild form of pre-OA, although the degeneration is quite different 
from the more severe cases shown in previous studies. This can have various 
reasons; the rat’s strains have different origin, food suppliers are different, and 
they may experience different day/night cycle. Furthermore, the animals showed 
different weight gains than reported in the literature [9, 15, 20]. We also performed 
histological scoring in accordance with OARSI histopathology initiative 2010 for rat 
cartilage degeneration [28]. However this grading system could not show the small 
changes caused by the applied running protocols (Fig. 8) as it does not represent the 
specific chondrocyte morphology and bone adaptations reported here. There are 
other studies that also mentioned that OARSI scoring system may not adequately 
describe small initial changes [29, 30].

Figure 8. OARSI histological score of Safranin-O stained sections on (a) medial and (b) lateral 
component of the rat knee joint for all three groups at different experimental time points. As figure 

description, box-whiskers plot was used where the lines show the lowest and highest values, and the 
boxes represent the 25th to 75th percentiles as well as the median. The average value for each box is 
shown with (+).  Control, constant running and adaptive running groups are respectively shown 

with white, gray, and gray/black. (=) shows that only one subgroup was considered for both control 
and constant running groups at endpoint 1.

     In normal situations, there is a natural balance between the anabolic and 
catabolic activity of cartilage tissue which is controlled by chondrocytes [31, 32]. 
Cartilage cells responded to mild running protocol by increased expression of 
aggrecan and decreased expression of MMP-2 (Fig. 6). However, at later time points 
neither anabolic nor catabolic genes had altered expression in the running animals 



compared to controls. It might be that the running between week 0 and week 8 is 
performed in relatively young animals (8 weeks to 16 weeks old), whereas in the 
6 weeks constant running protocol the animals are 8 weeks older and maybe less 
sensitive to the (over) loading. 

      The increased aggrecan expression might result in increased synthesis, which 
should affect the hydrostatic equilibrium as a result of water movement towards the 
cartilage matrix due to negative fixed charged of proteoglycans [33, 34]. However, 
this did not result in significant changes in the cartilage stiffness with different 
running programs. Counter-intuitive, the top layer of articular cartilage in particular 
at the lateral side and more in the adaptive running group showed the lowest 
stiffness (Fig. 7). Perhaps, the adaptive loading protocol in these young animals 
leads to biomechanically stressed chondrocytes, which become hypertrophic so as 
to resist the applied over-loading. However, they are not capable of increasing the 
synthesis rate of proteoglycans and ultimately less GAGs are produced [8], causing 
less osmotic pressure and less pre-stress on the collagen network that  translates to 
a softer cartilage matrix [35].

      Another clear finding of the current study is the bone morphology changes in 
the joint region induced by the running protocols. Eight weeks of mild running 
(endpoint-1) seems to accelerate bone growth in the subchondral bone of the tibia 
plateau of the animals who had started running from a young age (8 weeks old) 
(Fig. 3a, b). This is also represented in the trabecular bone volume fraction in the 
epiphysis, which is increased after 8 weeks (Fig. 3f). After 14 weeks follow-up 
and 6 weeks of intensive running in both running groups (endpoint-2) this effect 
reversed and the trabecular and subchondral bones were thinner for both running 
groups (Fig. 3a, e, f). This observation is in line with the findings of previous studies 
according to which constant exercise regime can cause osteoarthritis symptoms 
in the underlying bone through enhancing osteoclast activity and stimulating 
osteoclastogenesis [37]. However, the subchondral bone porosity was lower for the 
adaptive running group in comparison with control animals at endpoint-2 (Fig. 3b) 
which confirms the increased bone density during the 8 weeks of initial training 
before the start of 30 km of constant running. After 20 weeks (endpoint-3), the 
remarkable differences observed at 14 weeks had disappeared for the most part 
(Fig. 3). The thickness and bone volume of trabecular bone in the constant running 
group were still lower than that of the sedentary control at week 20 (Fig. 3e, f), 
which indicates that trabecular bone is still faced with the consequence of solely 
constant running exercise (without initial mild running program) in this group of 
animals. The small standard deviation of bone morphological parameters obtained 
from micro-CT makes these observations fairly precise.

     We conclude that the changes in bone morphology induced by the running 
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protocols are specific for the joint region, as they are quite different from the 
adaptations further away from the joint (in metaphysis and diaphysis). Therefore, it 
can safely be assumed that the changes in the subchondral bone are not only a direct 
adaptation to the increased loading but also reflect an interaction of subchondral 
bone with the cartilage as is seen generally in OA joints [36]. Furthermore, the 
presences of hypertrophic and clustered chondrocytes in different layers of articular 
cartilage together with reduced thickness of the underlying bone are clear signs of 
early-stage or a pre-OA condition. Chondrocytes with abnormally high proliferation 
rate synthesize more cytokines and mediators which can raise the bio-molecules 
penetration within the cartilage matrix and towards the underlying bone, thereby 
influencing the normal homeostasis of cartilage and bone and the cartilage/bone 
interface [8, 27, 36]. 

      In addition, cartilage tissue did not seem to fully recover from the adaptive 
running exercise, while we clearly detected bone adaptation after the sedentary 
period (Fig. 3, 5). The presented results cannot be used to draw a mechanistic 
picture of how subchondral bone adaptation relates to joint disruption, cellular 
response, and alterations in cartilage tissue. Maybe the bone alterations precede 
the morphological changes of the chondrocytes, although the histological scores of 
cartilage and chondrocyte morphology is not very precise (high standard deviation) 
and more or less qualitative (Fig. 5). However, our findings clearly indicate that 
the subchondral bone adaptations are related to joint specific manifestations. 
The mere point that bone turnover is a very sensitive sign of pre-OA conditions 
may, nevertheless, have potentially important implications in terms of how the 
commencement of the pre-OA stage can be best detected and ultimately reversed. 
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Supplementary documents 

We performed immunohictochemistry for HSP70 as well as investigated the early 
molecular events through longitudinal measurements of a plasma biomarker 
(Fibulin 3) in the same individual over the study duration. 

Immunohistochemistry for HSP70 

Immunohistochemistry was performed on the paraffin slides as follows: First, 
deparaffnization and dehydration steps were done using xylene (Klinipath, France) 
and ethanol solutions. Then, tissue sections were blocked by Endogenous enzyme 
block (Dako, USA) for 10 min and rinsed in Tween-20 (0.1% in PBS, Sigma Aldrich, 
France) (2×5 min) and incubated in BSA (2% in PBS, Sigma Aldrich, USA) for 30 min. 
Subsequently, the sections were incubated with primary antibody (1/2000 dilution 
in PBS-BSA 2%; Anti-Hsp70 antibody, Abcam, The Netherlands) for 1 hour at room 
temperature. After that, they were rinsed again in 0.1% Tween-20 solution (2×5 min). 
The slides were incubated with Envision HRP anti mouse (Dako, USA) for 30 min 
at room temperature followed by two washes in PBS (2×5 min) and incubation with 
DAB (Dako, USA) for 3 min in room temperature. Afterwards, the sections were 
counter-stained with Hematoxylene (Merck, Germany), hydrated, and mounted.

HSP70 response in running animals varied with time at both medial and lateral 
sides of the knee joint (Fig. S1) but there was no significant difference between 
experimental groups within various endpoints. However, comparing changes 
over the entire study period, in the constant running group there was a significant 
difference after the running (weeks 14) with more HSP70-positive brown-colored 
chondrocytes after being subjected to the constant running protocol (Fig. S1a, 
b). Furthermore, the rats in the adaptive running group expressed higher HSP70 
levels after 14 weeks and this higher production did not decrease at the end of the 
experiment (Fig. S1b). Constantly elevated HSP70 expression protects chondrocytes 
against mechanical stress by inhibiting nitric oxide and subsequently reducing 
cellular apoptosis induced by caspase 3 activity [7, 22, 33].
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Supplemental figure S1. Immunohistochemistry staining for HSP70 on both (a) medial and (b) lateral 
component of control and two running groups at endpoint 1, 2, and 3. (c) Brown staining represents 
HSP70 positivity which is marked with an arrow in the bottom image. Control, constant running and 

adaptive running groups are respectively shown with white, gray, and gray/black. (magnification= 100×).

Plasma biomarker for fibulin 3-2

In order to obtain plasma, the blood specimens were centrifuged twice at 3000 g 
for 15 min at 4 ºC. After that, they were immediately stored at -80 ºC. We utilized 
Enzyme-Linked Immunoassay (ELISA) (Artialis SA, Liege, Belgium) to measure 
the plasma levels of FIB3-2. All steps of the immunoassays for measuring FIB3-
2 peptide were performed according to a previously described protocol [34]. 

      Compared with the control group, running animals showed more fluctuations 
in their longitudinal FIB3-2 values (Fig. S2). The initial training regime (week 0 till 
week 8) had the largest influence on the FIB3-2 level causing it to decrease more 
sharply in the adaptive running group (from 52.7 ± 13.2 nM to 30.2 ± 8.4 nM) in 
comparison with both other groups (44.2 ± 10.6 nM to 34.6 ± 10.8 nM and 45.3 ± 15.0 
nM to 33.3 ± 9.7 nM). At the midway point between endpoint 2 and 3 (17 weeks) 
the largest difference in FIB3-2 level was observed, but it did not reach statistical 
significance. Fibulin 3, is a part of extracellular matrix proteins and its interaction 
with the tissue inhibitor of metalloproteinase 3 (TIMP-3) is described previously 
[34, 35]. Therefore, as a potential biomarker of osteoarthritis, the elevated amount 
of FIB3-2 is expected in osteoarthritis samples [35]. It is also reported that fibulin 
3 is cleaved by several MMPs family including MMP-2 [34]. The diminished 
expression of MMP-2 was also confirmed by RT-PCR after 24 km of running.
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Supplementary figure S2. Mean and standard deviation of plasma levels of Fib3-2 in three experimental 
groups, before start of the running regime (t = 0), at endpoint 1, 2, 3 and at the middle of each endpoint. 
Control, constant running and adaptive running groups are respectively shown with white circle, gray 
square, and black triangle. For figure clarification, the standard deviation was shown in one direction.

Supplemental table 1A. Detailed information regarding the adaptive running protocol. 

Weeks of 
running

Days of 
running

Speed (meter/min)
(warm-up/ exercise / 

cool-down)

duration (min)     
(warm-up/ exercise / 

cool-down)

Cumulative 
distance (km)

wk 1 1,2 10 10 0.2
wk 1 3,4 10 15 0.3
wk 1, 2 5,6 10;12 5;15 0.46
wk 1, 2 7,8 12 20 0.48
wk 2, 3 9,10,11 12;14;12 5;15;5 0.99
wk 2, 3 12,13,14 12;14;12 5;20;5 1.2
wk 3, 4 15,16,17 12;16;12 5;20;5 1.32
wk 4 18,19,20 12;16;12 5;25;5 1.56
wk 5 21,22,23 12;18;12 5;25;5 1.71
wk 5, 6 24,25,26 12;18;12 5;30;5 1.98
wk 6 27,28,29 12;20;12 5;30;5 2.16
wk 6, 7 30,31,32 12;20;12 5;35;5 2.46
wk 7 33,34,35 12;20;12 5;40;5 2.76
wk 8 36,37,38 12;20;12 5;45;5 3.06
wk 8 39,40 12;20;12 5;50;5 3.36
wks 9-14 - 12;20;12 5;50;5 33.6

Total distance 
in 14 weeks : 
57.6 km
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Weeks of 
running

Days of 
running

Speed (meter/min)           
(warm-up/ exercise / 

cool-down)

duration (min)                     
(warm-up/ exercise / 

cool-down)
Cumulative 

distance (km)

wk 9 1 10 10 0.1
wk 9 2 12 15 0.18
wk 9 3 15 20 0.3
wk 9 4 18 30 0.54
wk 9 5 20 35 0.7
wks 10-14 - 12;20;12 5;20;5 28

Total distance 
in 6 weeks : 30 
km

Supplemental table 1B. Detailed information regarding the constant running protocol.
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Abstract

Ageing is the major risk factor in the development and progression of osteoarthritis. 
Ageing of articular cartilage impairs its intrinsic biomechanical functions, most 
importantly its stiffness and strength, which protects it from damage following 
excessive forces. An important ageing aspect is the accumulation of advanced glycation 
end products (AGEs) after exposure to sugars. This results in additional crosslinks 
between the collagen fibrils of articular cartilage, which hamper the flexibility of 
collagen fibrils and make cartilage more brittle. In the current study, we investigate 
if collagen crosslinking after sugar exposure depends on the stretching conditions of 
the collagen fibrils. Healthy equine cartilage specimens were exposed to L-threose 
sugar and at the same time placed in hypo-, iso- or hyper-osmolal conditions that 
expanded or shrank the tissue and subsequently changed the 3D conformation of 
the collagen fibrils. We applied matrix micro-indentation tests, contrast enhanced 
micro-computed tomography, biochemical measurement of pentosidine cross-
links, and cartilage surface color analysis to assess the effects of cross-linking in 
these different conditions. Swelling of ECM due to hypo-osmolality made the 
cartilage less susceptible to advanced glycation. These results indicate that healthy 
(high) levels of glycosaminoglycans not only keep cartilage stiffness at appropriate 
levels by swelling and pre-stressed collagen fibrils, but also protect collagen fibrils 
from advanced glycation and subsequent brittleness that often appears with aging.
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Introduction

In normal articular cartilage, the extracellular matrix (ECM) includes structured 
collagen type II fibrils, depth-wise distributed glycosaminoglycan macromolecules 
(GAGs), and interstitial water [1]. In osteoarthritis (OA), proteolytic activity 
initiates marked changes in the ECM of cartilage. The depletion of GAGs are often 
considered as early signs of OA, whereas irreversible degradation of collagen 
fibrils can be observed in the developing stages of OA followed by macroscopic 
degeneration of ECM in the late stage OA [2]. Contrary to OA, normal ageing does 
often not affect the major constituents as well as the organization of ECM, but rather 
contributes to formation and accumulation of so-called advanced glycation end-
products (AGEs) including pentosidine cross-links, which chemically affect the 
collagen molecules [3]. The AGEs are formed by a chain of irreversible reactions 
between two adjacent amino acids of Arginin and Lysin found as the repeating 
units in the triple-helix tropocollagen molecules [4]. Not only is their production 
augmented due to increased systemic sugar levels, e.g. in diabetes, but also occurs 
in the turnover processes of the ECM [3]. Apart from obvious biomechanical effects 
of AGEs due to the impaired function of the collagen fibrils and increased brittleness 
[3], at the cellular level they interact with the surface receptors of chondrocytes 
[3]. AGEs, in short, stimulate catabolic pathways leading to upregulation of matrix 
metalloproteinases (MMPs) that are responsible for degrading the ECM components. 

         The three-dimensional spatial orientation of collagen either in single molecular 
state or fibrillar state has been shown to affect enzymatic degradation of collagen 
[5, 6]. There is some evidence that stretching of collagen fibrils decelerates MMPs 
enzymatic activity [5, 7, 8]. This could be due to the 3D orientation of the amino 
acids that form the cleavage sites in the backbone of collagen fibrils, which might 
only interact with enzymes in a specific (stretched) conformation. Similarly, the 
essential amino acids involved in advanced glycation, namely Arginin and Lysin [9], 
may need a specific 3D conformation to interact with sugars and create crosslinks. 

           Here, we investigate the effects of osmotically-driven mechanical conditioning 
of collagen fibrils within ex-vivo equine articular cartilage on their chemical response 
to the non-enzymatic cross-linking, in other words “artificial ageing”. This “artificial 
ageing” is induced by using L-threose as the glycating agent under various osmotic 
conditions of hypo-, normal and hyper-osmoality, thereby creating water outflow or 
inflow and consequent shrinkage or stretching of the collagen fibers [10]. The micro-
scale effective elastic modulus, pentosidine level, surface color, and fixed charge 
density are then characterized to determine whether or not osmotic stretching of 
collagen fibrils protects them against non-enzymatic glycation and its adverse effects. 
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Materials and methods

Sample 

Equine osteochondral plugs (n = 5, φ=8.5 mm) were extracted from a visually-intact 
femoral condyle of a euthanized 7-year horse using a custom-made drill bit while care 
was taken to avoid overheating of the drilling site by constantly spraying Phosphate 
buffer solution (PBS, Gibco, UK). Post-extraction, the samples were stored at -20 °C 
until further use. Full cartilage layer was then carefully cut from the osteochondral 
plug followed by splitting it into four quarter disks. Each quarter disk was then 
equilibrated in a separate solution containing required amount of NaCl and Protease 
inhibitors (complete, Roche, Mannheim, Germany) at an osmolality of 400 mOsm/
kg water at room temperature before performing micro-indentation tests (Fig. 1).

Figure 1. Schematic of the osmotic deformation, L-threose incubation and micro-indentation 
experiments. Osteochondral plugs are extracted from Equine femoral condyle of 7-year old horse 

using custom-made drill bits. Full thickness of cartilage is then removed from the subchondral bone 
using razor blade and split into four quarter disks. Three disks undergo their corresponding osmotic 
deformations, whereas one serves as control negative (no incubation with L-threose). The cartilage 
specimens are equilibrated at 4 ºC in a 400 mOsm/kg water bath and therefore are prepared for the 

micro-indentation tests. Matrix micro-indentation is performed on each specimen in an area of 
1.5 mm×1.5 mm containing 81 equally-spaced indentation points. Thereafter, samples are treated 
osmotically corresponding to our desired conditions and then L-threose (50 mM) is added to each 

solution. Following the L-threose incubation at 37 ºC, specimens are equilibrated in 400 mOsm/kg 
water for an hour before matrix micro-indentation. The change of the effective Young’s modulus is 

reported as the result.
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Mechanical conditioning

External osmotic pressure of the solution to which cartilage is exposed controls 
its swelling state due to the in-/out-flux of water [10-12]. Articular cartilage loses 
water when exposed to hyper-osmolar solution, gains water when exposed to 
hypo-osmolar solution, while exposure to iso-osmolar solution is not expected to 
alter its shape. Four-quarter disks were obtained from each osteochondral plug, 
where each underwent different mechanical conditioning by adjusting the osmotic 
pressure of the external bath to hypo- (100 mOsm/kg water), iso- (400 mOsm/kg 
water) and hyper- (4000 mOsm/kg water) osmolalities prior. Prior to incubation 
with L-threose (50 mM, Sigma-Aldrich, Slovakia), each quarter disk was placed 
in its respective solution (2 mL), i.e. hypo-, iso- or hyper-osmolal, for one hour 
(pre-conditioning of collagen fibrils). Then, each quarter disk was transferred to 
50 mM L-threose solution having the same osmolality as in the pre-conditioning 
step, except one quarter disk which functions as a non L-threose control sample 
(400 mOsm/kg). The vials containing the samples were then placed in an incubator 
at 37 °C for 96 hours to induce cross-linking of the collagen fibrils (Fig. 1).

Micro-indentation 

Before and after incubation with L-threose, cartilage quarter disks were allowed to 
reach equilibrium at 400 mOsm/kg water enriched with Protease inhibitor for 1 hour 
at 4 ºC, while glued to the bottom of a petri-dish with the cartilage surface facing 
upward. Using a permanent marker with fine tip, a reference point was specified on 
the cartilage surface as the starting point of the micro-indentation process. Micro-
indentation was performed following the protocol determined in a previous study 
[14] within a 1.5×1.5 mm2 area on the cartilage surface using an array of 81 equally 
spaced (9×9) contact points (Fig. 1). For this purpose, a displacement-controlled 
indenter (Piuma, The Netherlands) was used which consisted of a controller, optical 
fiber, and spherical probes with diameters of ~ 100 µm and stiffness values of ~ 50 
N/m (Optics, The Netherlands). The force-displacement curves were obtained after 
indenting each contact point with the applied indentation depth (Piezo movement) 
of 18 µm. The actual indentation depth in the cartilage tissue varied based on the 
stiffness of each contact point, which can be calculated by subtracting the cantilever 
deflection from the Piezo movement. Indentation protocol at each contact point 
consisted of three consecutive steps of loading with Piezo movement of 18 µm for 
1 second, holding time of 7 seconds, and unloading for 20 seconds. The effective 
Young’s modulus at each contact point was calculated based on the Oliver-Pharr 
theory, i.e. calculating the slope of the initial portion of the unloading curve. See 
Moshtagh et al. [14] for a more detailed description of this optimized indentation 
protocol.

For each sample, the average of the effective Young’s modulus in 81 contact points 
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was calculated before and after incubation in L-threose. The difference between the 
moduli measured before and after the cross-linking process was used as a measure 
of the cross-linking intensity:

Change in effective Young’s modulus (%) 100×
−

=
before

beforeafter

E
EE

                               (1)

where afterE and beforeE are respectively the effective Young’s moduli after and before 
incubation in L-threose. 

Contrast enhanced micro-CT

To check the enhanced fixed charge density (FCD) of the samples, the samples 
were scanned with micro-computed tomography (Quantum FX, Perkin Elmer, 
USA) at 90 kV tube voltage and 180 µA tube current and voxel size of 20 µm3 
after 24-hour incubation in Hexabrix solution (40 v/v% GE Healthcare, The 
Netherlands, 320 mgI/ml, MW=1269 g/mol, charge= -1) enriched with Protease 
inhibitor (complete, Roche, Mannheim, Germany) before and after incubation 
with L-threose. To eliminate the possible effects of Hexabrix on the cross-linking 
process, samples were washed out in a saline bath (400 mOsm/kg water, protease 
inhibitor) according to a previous study [12]. The average of the grey scale values 
was calculated in 10 mid-slices using imageJ (public domain, NIH, version 1.47). 

Colorimetry of cartilage surface

Depending on the intensity of the cross-linking, the color of cartilage undergoes 
alterations from white (normal cartilage) to brown (cross-linked cartilage) (Fig. 4a). 
To quantify possible color changes as an indication of the cross-linking following 
incubation with L-threose, samples were placed side-by-side and digital images from 
the cartilage surface were captured (vertical, Samsung Galaxy S6, 12 Megapixels) 
in absence of ambient light. The resulting RGB images were then converted 
to 32-bit images and the average pixel intensity was calculated with imageJ.

Collagen and pentosidine content

Each quarter disk was first weighed before freeze-drying (Christ alpha 1-2 LD plus) 
for 48 hours. The dry weight of the samples was measured after freeze-drying. 
800 µL HCL (Sigma-Aldrich) was added to the dried samples before placement 
in screw cap vials and subsequently in an oven at 95 °C. After 20 hours, the liquid 
phase of the digested samples was allowed to completely evaporate at 60 °C under 
a fume hood. After adding 500 µL mQ water to the vials, they were vortexed, 
centrifuged, and prepared for hydroxyproline measurement. Measuring the 
hydroxyproline allowed for calculating the collagen content of each quarter disk.   
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Pentosidine cross-linking level within the digested samples was determined 
based on high performance liquid chromatography (HPLC) [13]. The peak 
representative of the pentosidine cross-links was found for all samples, 
although interference of other peaks was frequently found as well. 
This could be related to the existing pre-mature pentosidine molecules.    

Statistical analysis

Statistical analysis was performed using one-way ANOVA 
followed by post hoc analysis using MATLAB and p-values 
less than 0.05 were taken as indicators of statistical significance.   

Results

Micro-indentation

The effective Young’s modulus increased after cross-linking, as captured 
using micro-indentation before and after cross-linking with L-threose (Fig. 
1). The change in the effective Young’s modulus (Eq. 1) was -21.5±32.6% for 
non-treated specimens, 10.0±33.2% for hypo-osmolal specimens, 10.1±47.9% 
for iso-osmolal specimens, and 92.5±62.1% for hyper-osmolal samples. Our 
results showed that, within each group, the effective Young’s modulus was 
substantially higher for cartilage specimens that were exposed to high osmolality 
(shrunk samples) during the L-threose treatment as compared to those exposed 
to either low or iso-osmolality conditions (Fig. 2). Generally, a decrease in 
the effective Young’s modulus of non-treated samples was observed (Fig. 2).

Figure 2. Alterations in the effective Young’s modulus following the incubation with L-threose 
compared to sample’s intrinsic effective Young’s modulus before incubation with L-threose. The 

change of effective Young’s modulus of hyper-osmolal vs. control negative as well as hypo-osmolal vs. 
hyper-osmolal was statistically significant (p-value<0.005).
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Contrast enhanced micro-CT 

Previous studies showed that cross-linking is associated with the formation of free 
negative groups on the collagen molecules, which leads to increased density of net 
negative charges within ECM [14]. Determination of possible increase in the negative 
charge within the extracellular matrix was achieved using contrast-enhanced micro-
CT. However, increase in negative charge density due to cross-linking is counteracted 
by possible leakage of negatively charged GAGs due to enzymatic activity within the 
matrix particularly during prolonged incubation with L-threose. Our experiments 
on the negative control samples (iso-osmolality and no L-threose) confirmed tangible 
GAG loss in those samples (Fig. 3). Therefore, average gray values obtained before 
and after incubation with L-threose indicate the effects of both aforementioned 
phenomena. The increased penetration of Hexabrix followed a rising trend toward 
decreasing the osmolality within each group of samples (Fig. 3, p-value=0.12). 

Figure 3. Increase in average gray value indicating the Hexabrix penetration depending on 
the net negative charges in the ECM. The equilibrium penetration of Hexabrix is inversely 

related to the amount of matrix fixed charge density.

Cartilage surface color analysis

Non-enzymatic cross-linking causes the white surface of normal articular 
cartilage to turn into brown. Our cartilage surface color analysis allowed 
to clearly identify between the intensity of the brown color between 
treated and non-treated normal specimens. The intensity of the color could 
be a potential indicator of efficacy of the cross-linking process (Fig. 4).
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Figure 4. (a) Changes in the color of horse cartilage for negative control, iso-osmolal, hypo-osmolal 
and hyper-osmolal specimens after 4 days incubation. (b) Cartilage surface color analysis: Brighter 
color represents higher average pixel intensity, while dark yellow/brown represent lower average 

pixel intensity. 

Pentosidine level

In general, the pentosidine level per collagen molecules tends to increase with the level 
of osmolality during the L-threose treatment (Fig. 5a). The amount of pentosidine per 
collagen increased by 47% from hypo-osmolality toward hyper-osmolality (average 
difference over the 5 samples). Plotting the amounts of pentosidine per collagen 
molecules versus surface color reveals a decreasing trend as expected (Fig. 5b).

Figure 5. (a) Amount of pentosidine per collagen (pmol/pmol) is reported for different osmolality 
conditions. In average, the hyper-osmolality led to higher accumulation of pentosidine per collagen 

molecule (pmol/pmol) (p-value>0.05). The difference was higher between hyper-osmolality and 
control negative (p-value=0.067). (b) Average pixel value of the cartilage surface vs. pentosidine per 

collagewn molecules.
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Discussion

We investigated the effects of the mechanical strain experienced by collagen fibrils 
on their chemical response to non-enzymatic glycation, leading to pentosidine 
cross-linking. Thanks to the fixed charges of the glycosaminoglycan molecules 
enmeshed within fibrillary network of collagen molecules, articular cartilage allows 
for the exchange of water from/to the external bath. To maintain osmotic balance, 
normal articular cartilage swells when exposed to hypo-osmolality, while it shrinks 
under hyper-osmolality. Different joint diseases have been shown to cause changes 
in the osmolality of the synovial fluid, particularly in osteoarthritic and rheumatoid 
arthritis diseases a decrease in osmolality has been observed [15, 16]. In this study, 
osmolality was adopted as a means to induce expansion and shrinkage in the ECM 
(and its collagen fibers) of articular cartilage. Measurements of the effective Young’s 
modulus of cartilage at several locations within a prescribed indentation matrix 
before and after L-threose incubation were performed. These data illustrated clear 
evidence that L-threose treatment under hyper-osmolality facilitates the formation 
of advanced glycation end-products (Fig. 2). In contrast to hyper-osmolality, 
hypo-osmolality showed restrictive effects on the non-enzymatic glycation cross-
linking, which indicate that expanded collagen fibrils are less susceptible to react 
with L-threose. Our observations are in line with findings of previous research 
that underscored the importance of stretching the collagen molecules in various 
forms of molecular, fibrillary and tissue level, to protect them against enzymatic 
activity [5-8]. Sufficient compressive strain of ECM, i.e. 25% strain, has been shown 
to buckle the collagen fibrils [17] and consequently affect the conformation of 
collagen building blocks, i.e. amino acids, which is believed to affect the enzymatic 
activity. Our micro-indentation data suggest that expansion protects the ECM 
against glycation or the so-called ‘artificial ageing’, whereas shrinkage makes 
ECM prone to it, although in our study the induced shrinkage and expansion 
were below 25% of the original cartilage thickness. This infers that even relatively 
mild deformations (i.e. compared to previous enzymatic findings) are required to 
affect the cross-linking efficiency. Iso-osmolality showed slight differences when 
compared with hypo-osmolality (Fig. 2). The reason could be the close osmolality 
difference between the iso- and hypo-osmolal conditions and consequent cartilage 
thicknesses, which infers that mechanical condition of the ECM and therefore 
stretch status of collagen fibrils were close in both conditions. Previous studies 
have shown that the osmolality of the synovial fluid decreases in the patients with 
osteoarthritis and rheumatoid arthritis [15, 16], which might be a protective strategy 
for the diseased joint to halt the progressive chemical reactions as supported by 
our findings. Moreover, exercise has been shown to be associated with decreased 
osmolality of the synovial fluid as well [18], which again could help maintain the 
integrity of the collagen fibrils and prevent them from easily becoming cross-linked.  
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     It is well-known that non-enzymatic glycation results in accumulation of net 
negative charge generated by the additional group on the collagen molecules 
[14]. To identify increased net negative charge, a negatively charged CT 
contrast agent, i.e. Hexabrix, was used which its equilibrium concentration 
depends on the formed net negative charges. The penetration of Hexabrix was 
shown to follow an osmolality-dependent trend (Fig. 3) which means higher 
osmolality results in less penetration of Hexabrix, which could be due to direct 
electrostatic interaction between glycation-driven negatively charged groups 
and Hexabrix. Furthermore, in highly cross-linked ECM, steric hindrance, 
which slows the diffusion rate down, also plays a role as a barrier [12, 14].

      The color of the cartilage surface undergoes a shift from white toward yellow/
brown in non-enzymatic cross-linking [19]. Therefore, the pixel intensity of the 
cartilage surface could provide potential indication of the intensity of the cross-
linking process. The pixel intensity was significantly different between the 
control and other samples indicating the efficacy of the cross-linking process. 
Similar to the above-mentioned analyses, pixel intensity varied according to the 
osmolality of the external bath with the highest difference observed between 
the hypo- and hyper-osmolality conditions among all L-threose treated samples 
(26.6% based on hyper-osmolality). Similar to the observations regarding 
the surface color, pentosidine per collagen molecule values also confirm that 
increasing the osmolality leads to increased non-enzymatic cross-linking (Fig. 5a).   

     We have found that hypo-osmolality and the related stretching of collagen 
molecules, decelerates the glycation (ageing) process in collagen fibrils. We speculate 
that this is due to the micro-unfolding of the triple helix [20]. Another study suggested 
that cross-linked collagen fibrils are more susceptible to enzymatic degradation 
when stretched in tendon tissue [21], which again sheds light on the importance 
of underlying forces that regulate chemical processes in connective tissues. 

       It is widely believed that the superficial layer of articular cartilage represents 
a highly inhomogeneous distribution of collagen fibrils and glycosaminoglycans, 
which creates heterogeneous mechanical behavior [1]. Due to this fact, slight 
differences between iso-osmolality (400 mOsm/kg water) and hypo-osmolality (100 
mOsm/kg water), which are relatively similar conditions as compared to the hyper-
osmolality condition (4000 mOsm/kg water), may not be fully captured. The elastic 
properties calculated here indicate the pre-stress in the collagen fibrils [10], but as 
articular cartilage is intrinsically a poroelastic material its hydraulic permeability 
could provide additional information about the possible restrictions against fluid 
flow due to cross-linking. As cartilage properties changes across its thickness, one 
could apply deep indentations to obtain details regarding depth-wise mechanical 
and physical properties. Solute features such as permeability through ECM could 
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also affect the cross-linking efficacy as accumulation of small ions in the extrafibrillar 
region causes exudation of the intrafibrillar water, which potentially restricts the 
accessibility of L-threose to the collagen molecules and is therefore worth investigating. 

Conclusions

In conclusion, we have shown that non-enzymatic cross-linking of collagen fibrils 
of articular cartilage can be controlled through shrinking or stretching of the 
cartilage tissue, which we applied through adjustment of the bath osmolality. 
Our micro-indentation data, colorimetry of the cartilage surface, pentosidine level 
measurement, and contrast-enhanced computed tomography data all suggest that 
increased osmolality accelerates glycation and the ‘ageing’ of articular cartilage. 
Our findings contribute towards understanding how the mechanical environment 
of the articular cartilage influences the chemical reactions between sugars 
and collagen building blocks at micro-scale, which undergo micro-unfolding 
of the triple helix in the hyper-osmolal and glycation sensitive conditions.
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Abstract

The mechanical properties of articular cartilage depend on the quality of its matrix, 
which consists of collagens and glycosaminoglycans (GAGs). The accumulation 
of advanced glycation end products (AGEs) can greatly affect the mechanics of 
cartilage. Here, we use L-threose to cross-link collagen molecules in the cartilage 
matrix (in vitro), thereby simulating the accumulation of AGEs. The resulting 
changes in the mechanical properties (stiffness) of cartilage are then measured 
both at the micrometer-scale (using micro-indenter) and nanometer-scale (using 
indentation-type atomic force microscopy). The browning of L-threose-treated 
sample reflected the formed non-enzymatic cross-linking within the cartilage 
matrix. We observed >3 times increase in the micro-scale stiffness and up to 12-fold 
increase in the nano-scale stiffness of the glycated cartilage in the region pertaining 
to the collagen fibers, which is caused by cartilage network embrittlement. At the 
molecular level, we found that besides the collagen component, the glycation process 
also influenced the GAG macromolecules. Comparing cartilage samples before and 
after L-threose treatment revealed that artificially induced-AGEs also decelerate in 
vitro degradation (likely via matrix metalloproteinases), observed at both micro- 
and nano-scales. The combined observations suggest that non-enzymatic glycation 
may play multiple roles in mechanochemical functioning of articular cartilage.
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Introduction

Osteoarthritis (OA) is categorized as a chronic and complicated degenerative 
disorder in which the natural turnover of glycosaminoglycans (GAGs) of articular 
cartilage is disrupted [1, 2]. Aging is considered as one of the major risk factors 
of OA where synthesis and degradation of the collagen matrix are affected by the 
age-related accumulation of advanced glycation end products (AGEs) [3, 4]. AGEs 
are the result of a non-enzymatic reaction between amino acids (mainly lysine and 
arginine) and reducing sugars (e.g. threose) [5, 6]. L-threose is a highly reactive 
carbohydrate that can react with the protein component of the cartilage matrix 
(collagen) and increase the cross-linking of collagen with marked brownish color 
change [4, 5, 7]. The fact that the enhancement of AGEs accumulation makes the 
cartilage matrix stiffer and prone to fatigue failure is well described [8, 9]. Since the 
biomechanical function of articular cartilage is under the control of chondrocytes, 
AGEs-related modifications may vary the chondrocytes metabolism and alter the 
normal tissue turnover which eventually predisposes the cartilage tissue to OA [10]. 

Understanding the effects of AGEs on the cartilage matrix requires insight into 
how the biomechanical responses of various cartilage components are affected 
by AGEs. There is, however, not much data available in the literature as to how 
glycation influences the micro- and nano-mechanics of the cartilage (constituents). 
In this study, we simulate the aging effect using L-threose component in a rat knee 
cartilage (in vitro) and detect the resulting mechanical changes in both cartilage 
tissue (i.e. micro-scale) and the molecular constituents (i.e. nano-scale) respectively 
using micro-indentation and indentation-type atomic force microscopy.

Materials & Methods

Sample harvesting and cross-linking

Intact knee joints were obtained from six 12-weeks-old male rats (Harlan Laboratories, 
Horst, Germany). Cartilage samples with underlying bone were taken from the left 
(as control) and right (as test / crosslinking induced) femoral condyle joints of the 
same rat. In order to induce cross-linking, the test cartilage was incubated with a 
solution of 100 mM L-threose (Sigma-Aldrich, Slovakia) in PBS (PBS, Gibco, UK) for 
7 days at 37 ºC, while the control cartilage was incubated in PBS only. Both solutions 
contained protease inhibitors (complete, Roche, Mannheim, Germany). 

Biomechanical testing

Micro-scale indentation

Micro-indentations were performed on both test and control samples before (at 
day 0) and after the incubation (at day 7) using a microindenter machine (Piuma, 
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The Netherlands) with a controller (Optics, The Netherlands) and a spherical 
indenter (radius: 48 µm, cantilever stiffness: 65.7 N/m). Microindenter also called 
nanoindenter; in fact it is not a correct representative name, because it yields micro-
scale mechanical properties of the material. The applied indentation protocol was 
composed of a loading phase for 1 second at 18 µm indentation depth, which 
was held for 7 additional seconds and then an unloading phase for 20 seconds. 
The actual indentation displacement is always lower than the indentation depth 
that we set in the indentation profile, because the given indentation depth is a 
combination of the cantilever deflection and the desired depth of indentation across 
the cartilage thickness [11]. Before starting the experiments, signal calibration was 
performed and the geometrical factors of the probes were calibrated. Indentation 
measurements were done at a 9×9 grid within a region around 500×500 µm2 (65 µm 
distance between each point, n= 81) at the central portion of the rat lateral femoral 
condyle (n=5). The effective elastic modulus was calculated based on the Oliver-
Pharr theory using the unloading force-displacement curves (Eq. 2) [12].

                                                                                                                                                   (1)

where P is the load, h is the displacement (indentation) and
dh
dp  represents the slope 

of the initial part of the unloading curve in the load-displacement curve, r is the 
indenter radius, maxh  and finalh  are respectively maximum indentation and final 
unloading depths, and rE  is the effective elastic modulus. See Moshtagh et al. [11] 
for a more detailed description of this test.

In order to compare the mechanical properties measured at micro-scale, the one-way 
ANOVA test followed by post-hoc analysis was used using MATLAB with p< 0.05 as 
the statistical significance threshold.

Nano-scale indentation 

Indentation-type atomic force microscopy (IT-AFM) was performed using a 
nanoscope controller (Bruker, Dimension V, Japan) with a standard fluid cell 
(Bruker) to obtain the indentation-based force-displacement curves. A nano-scale 
pyramidal tip (radius: 15 nm, cantilever spring constant: 0.06 N/m) (Nano and 
More, Germany) was utilized. The actual value of the cantilever spring constant 
was determined using the thermal tune method [13]. Indentations were performed 
on the left and right sides of one sample, as AFM tests are very time consuming. 
Around 800 measurements were done at a 3 Hz frequency corresponding with an 
indentation rate of 3 µm/s and a depth of 500 nm [14]. A Poisson ratio of 0.5 was 
adopted in accordance with the incompressibility assumption [15, 16]. The Young’s 
modulus was calculated using the Nanoscope analysis software (Bruker, version 
1.4) based on the Sneddon’s indentation theory (Eq. 2) [12]. The histogram of the 
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measured stiffness values was analyzed using the finite Gaussian mixture model 
[17], which fits a weighted sum of multiple Gaussian distributions to the obtained 
raw data (Eq. 3). 

2
22 12

tan hEP
νγ

ϕπ
−

=                                                                                                           (2)                  

In the above equation, ϕ  is the half angle of the cone, ν is the Poisson’s ratio, and
2/πγ = .

∑
=

=
m

i
iii Nwxf

1

),()( σµ                                                                                                     (3)

where f(x) is the probability distribution function and N(μi,σi) is the Gaussian 
probability. The mean, standard deviation, and weighting factor of each constituent 
(i) are respectively denoted by μi, σi, and wi. 

Results

The surface colors of all samples were clearly different and the L-threose treated 
specimen became yellow-brown after 7 days of sugar incubation (Fig. 1). More than 
3-fold changes in the cartilage micro-stiffness before and after L-threose incubation 
were detected by micro-indentation (Table 1, control at day 7 vs. test at day 7). 
Comparing micro-scale data before and after incubation, shows relatively 2-fold 
decrease in the effective elastic modulus for the control (left) knees and 2-fold 
increase for L-threose treated right knees (Test, Table 1). Considering the observed 
variations over each sample (Fig. 2), the difference between the average modulus 
of controls between day 0 and 7 was -55.4 ± 14.1 %, while this variation between 
test samples before (day 0) and after sugar incubation (day 7) was +92.8 ± 95.1 
%. Changes in the micro-scale modulus of L-threose-treated group at day 7 were 
significantly different from their initial values (at day 0) as well as from the control 
(only with PBS treated) group at day 7 (p=0.002).

Figure 1. Femoral condyles after 7 days incubation with (a) PBS as control, (b) L-threose as test.

a b
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Figure 2. Effective elastic modulus measured by micro-indenter at the micrometer-scale on the left 
(PBS control, L) and right (L-threose treated, R) femoral condyles; left knee at day 0 (white), left 

(PBS) control at day 7 (white/black), right knee at day 0 (gray), and right (L-threose) test at day 7 
(gray/black).

Table 1. Average and standard deviation of the effective elastic modulus at micro-scale.

For both one control and one cross-linked specimen, four-components finite 
Gaussian mixture model was fitted to the stiffness histogram (converted to probability 
density function) measured using approximately 800 indentations with the IT-AFM, 
so as to determine their peaks and the associated weighting factors (Table 2, Fig. 3). 
The nano-scale data detected remarkable changes in the modulus of each component 
of the cartilage tissue both as a consequence of time (Control at 0 and 7 days) and 
L-threose (Test at 0 and 7 days). By comparing control sample at day 0 and 7 (Fig. 3a, 
b), the modulus numbers markedly decreased in all four regions with approximately 
70% to 90%. However, after 7 days L-threose incubation (test sample at day 0 versus 
day 7; Fig. 3c, d), the first region showed about 55% increase in the modulus, the 
third region illustrated relatively no change (-10%), and the second and fourth 
regions showed about -40% changes. Comparing the nano-scale modulus between 
the left (PBS treated control) knee and right (L-threose treated) knee both after 7 days 
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incubation, indicates a huge increase in all four regions up to 12-fold (Fig. 3b, d).

Table 2. Maximum likelihood estimates of the parameters of the Gaussian finite mixture models 
when 4 Gaussian components were used. 

Left knee at day 0: L0, Left (PBS treated) control at day 7: C7, Right knee at day 0: R0, Right (Threose 
treated) test at day 7: T7, μi: Mean; σi: Standard deviation; wi: Weighting factor of every constituent.

Figure 3. The probability density distribution of the measured elastic modulus values via IT-
AFM at the nano-scale on the left (PBS control) and right (L-threose treated) femoral condyles. (a) 
left knee at day 0, (b) left (PBS) control at day 7, (c) right knee at day 0, and (d) right (L-threose) 

test at day 7. In order to clearly show all different regions in the control sample (PBS-treated) after 7 
days incubation, the figure legends in subfigure (b) is 10 times less than the other subfigures.

Sample 
name

μ1 
(kPa)

μ2 
(kPa)

μ3 
(kPa)

μ4 
(kPa)

σ1 
(kPa)

σ2 
(kPa)

σ3 
(kPa)

σ4 
(kPa) w1 w2 w3 w4

L0 94.3 288.1 805.1 2022.4 20.3 124.7 358.1 968.8 0.16 0.47 0.28 0.09

C7 29.0 50.8 130.4 258.8 7.1 8.2 15.2 53.1 0.40 0.24 0.03 0.32

R0 96.6 669.6 1721.7 3734.3 20.8 261.1 660.6 1397.3 0.16 0.54 0.27 0.04

T7 150.3 373.6 1541.5 2283.2 56.6 14.1 310.8 1511.0 0.73 0.09 0.13 0.05
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Discussion

In this study, we examined the effects of L-threose cross-linking on the mechanical 
stiffness properties of the cartilage matrix of the rat femur at both nanometer and 
micrometer scales. We found > 3-fold rise in overall tissue stiffness at the micro-scale 
for the threose treated cross-linked specimen as compared to the control. According 
to previous finings [18, 19], increased elastic modulus of L-threose or ribose-treated 
cartilage, indicates that enhanced level of cross-linked collagens yields a stiff and 
brittle structure and thereby chondrocytes likely feel less deformation under loading 
[5, 10]. In addition, as opposed to the control samples that exhibited a clear reduction 
in the micro-scale effective elastic modulus due to normal degradation caused by 
7 days PBS incubation, test samples presented significantly higher moduli (Table 
1). At the nano-scale, we detected an effect of cross-linking on both the collagens 
and glycosaminoglycans components separately. Comparing the range of stiffness 
with the literature [14], the third region is most likely related to the nano-stiffness 
of the collagen fibers. As a result of L-threose cross-linking, the collagen component 
showed relatively similar nano-stiffness (1722 kPa vs. 1542 kPa) where it has been 
reduced from 805 kPa to 130 kPa after 7 days PBS-incubation. This confirmed that 
L-threose treatment results in higher collagen modulus in nano-scale as well, but 
mostly because the threose treatment prevents degradation. Excessive collagen 
cross-linking through sugar-based treatment is not the only reason that makes 
differences in the cartilage mechanical response. As a consequence of cross-linking 
reactions in the presence of L-threose, the amount of negative charge density rises 
while the positive charge of the collagen molecules declines. Therefore, enhanced 
net negative charged density results in higher osmotic pressure and subsequently a 
greater matrix elasticity will be obtained [10, 19].

According to earlier studies the peak with the lower nano-stifness in the 
nano-scale bimodal modulus distribution of articular cartilage might be related 
to the stiffness of GAGs which is matched with the first region in Fig. 3 [14, 20]. 
By comparing stiffness of the first peak, it can be concluded that besides the well-
known effect of AGEs on the cross-linking density of collagen fibers, it also has 
an influence on the polysaccharide chains. Similarly, measuring shear equilibrium 
modulus of articular cartilage obtained from calf knee joint indicated that non-
enzymatic glycation not only affects the collagen fibers but it likely reacts with the 
proteoglycans chains as well [8]. Moreover, the resulting increase in the net quantity 
of negative charge due to gylcation reaction together with additional cross-linking 
effects on proteoglycans chains indicate undeniable impact of AGEs induction on 
diffusional properties especially in the surface layer of cartilage [21].  

Additionally, AGEs might prevent enzymatic degradation of the collagens, 
explaining the small difference between 0 and 7 days in the modulus distribution 
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of the collagen between control versus test sample in the AFM tests (Fig. 3) [10]. 
The nano-scale modulus of the second and forth regions are also less affected after 
L-threose incubation as compared to those two regions in the control knee. A similar 
trend is observed on the effective elastic modulus changes at micro-scale (Fig. 2). 
The overall changes in the charge distribution of the collagen molecules as well as 
a different conformation of cartilage macromolecules as a consequence of AGEs 
may contribute to the observed prevention effects. DeGroot et al. [10] demonstrated 
that AGEs-induced articular cartilage (using a mixture of ribose and threose) was 
less susceptible to degradation damage of matrix metalloproteinases (MMPs) when 
they exposed to the synovial fluid of patients with elevated amount of MMPs. It 
should be noted that the surface layer of rat articular cartilage represents a high 
location-dependent behavior in the mechanical properties [11], which limits us to 
precisely distinguish the small observed variations in the second and forth regions 
of the stiffness histogram measured by IT-AFM before and after L-threose treatment 
on the test sample. 

Conclusions

In conclusion, the current research investigates both tissue and molecular level 
changes in the cartilage stiffness as a result of non-enzymatic glycation. To the best 
of our knowledge, this is the first study that represents the nano-scale mechanical 
response of each component of sugar-treated articular cartilage, thereby providing 
mechanical stiffness information related to proteoglycans and collagen fibers. 
L-threose cross-linking of rat femoral condyles for 7 days incubation at 100 mM 
L-threose concentration leads to a 3-4 fold increase of stiffness. Furthermore, the 
data clearly demonstrates that L-threose cross-linking prevents normal (in vitro) 
degradation, indicating multiple roles of non-enzymatic glycation in the mechano-
chemical functioning of articular cartilage.
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Summary 

Osteoarthritis (OA) is a debilitating disease that is mainly characterized by cartilage 
degeneration. The biomechanical and biophysical function, composition, and 
structure of articular cartilage are intricately related. Understanding the relationship 
between these components during growth, physical loading, and aging could be 
vital to improving diagnosis and treatment of OA. 

This PhD dissertation aims to provide detailed knowledge of mechanobiological 
mechanisms contributing to the age- and overload-related deterioration of articular 
cartilage. To address the general hypothesis, we applied a set of multi-scale 
biomechanics experimental tools on articular cartilage of various species. We sought 
to determine the mechanical contributions of its main components, such as collagen 
fibers and proteoglycans, especially at the superficial zone where the osteoarthritis-
related biomechanical abnormalities likely initiate. Subsequently, we investigated 
the effect of mechanical loading on the knee joint and the resulting cartilage and 
bone adaptation at both cell and tissue levels, in an experiment with rats. Then, we 
analyzed artificially induced ‘age’-related changes regarding advanced glycation in 
both equine and rodent articular cartilage from the mechanobiological viewpoint. 

Firstly, we provided a comprehensive overview of physical and mechanical 
characteristics of articular cartilage and focused on differences between the 
behaviors of normal and osteoarthritic cartilage (Chapter 2). In Chapter 3, we mainly 
focused on the elastic response of soft tissues in general which well represents 
normal functioning of the tissue. Cartilage elasticity cannot be precisely captured 
without indentation-based techniques. We explained all relevant theoretical 
concepts required for interpretation of the force-displacement data obtained from 
indentations. 

Secondly, we implemented indentation-based mechanical analyses from the 
molecular (Atomic Force Microscopy) to more tissue level (nano-indenter), which 
together reveal the contribution of cartilage specific components to its overall 
mechanics. Additionally, the highly organized cartilage network shows high spatial 
variability and site-specific mechanical properties depending on the indentation 
and indenter characteristics. Thus, developing cartilage surface specific protocols 
for mechamical testing provides more accurate data on the micro- and nano-
scale mechanics of cartilage tissue in different anatomical locations and various 
experimental conditions (Chapters 4-6).
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Thirdly, in Chapter 7, we introduced different exercise protocols to evaluate 
how and to what extent mechanical loading affects cartilage and bone homeostasis. 
The applied adaptive running protocol - a combination of initial training exercise 
and constant running regime - induced pre-stage osteoarthritis in rats. Primarily, 
we discovered superficial GAG loss and significantly increased chondrocyte 
proliferation, hypertrophy and cell clustering, in different zones of the cartilage 
tissue. In addition, our observations proved the dynamic nature of bone turnover, 
which continuously reacts to forces via mechanotransduction and cellular activities.

Finally, in Chapters 8 and 9, we investigated effects of non-enzymatic glycation 
as another potential initiating cause of cartilage degradation. Therefore, we induced 
accumulation of advanced glycation end products (AGEs) ex vivo. Micro- and 
nano-scale indentation experiments indicate that AGE crosslinks enhance cartilage 
overall stiffness, which is associated with increased cross-linking density of the 
collagen fibers. But collagens are not the only component which is influenced by 
non-enzymatic glycation. Such understanding may represent both beneficial and 
detrimental effects of AGEs. On the other hand, we showed that it is possible to 
tailor the efficiency of AGEs-related cross-linking by manipulation of the collagen 
fiber pre-stress induced via osmotic pressure.

General discussion

Mechanical properties (especially elasticity) can be considered as a key determinant 
of cartilage health [1, 2]. In this thesis, the mechanical properties of cartilage were 
measured at different scales from single collagen fiber to tissue surface properties 
using two techniques: indentation type atomic force microscopy (IT-AFM) and 
instrumented (general) nano-indentation. The measured mechanical properties can 
be used to evaluate the quality of cartilage in various conditions [3]. Furthermore, 
we performed different experiments to investigate changes in the involved tissue as 
a result of activity levels and increased AGEs (advanced glycation end products).

Mechanics of articular cartilage: 

From homogenized micro-scale to macromolecular nano-scale

Among different layers of cartilage multi-zonal structure, the top layer is the first 
affected zone as a consequence of degenerative disorders [4]. Taking the dedicated 
mechanical equilibrium into account, we tried to obtain the mechanical properties of 
the surface layer of articular cartilage at both tissue and molecular levels where we 
can elucidate the contributions of cartilage components to its mechanical function. 
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In chapter 5, in order to understand the mechanical behavior of osteoarthritic 
cartilage, we considered two parameters: external ionic strength and severity of the 
disease associated with lower GAG content and utilized nano-indenter and IT-AFM 
for mechanical analyses. The former could nicely represent the overall tissue level 
mechanical response of cartilage, while AFM shows the ability to precisely define the 
local stiffness of biological samples and individual extracellular matrix components 
[3]. External solution osmolality could alter the mechanical status of the collagen 
molecules [5]. Increase of the medium osmolality (hyper-osmolality) is associated 
with cartilage shrinkage, in other words, as a result of high ion concentrations, water 
flows out of the cartilage matrix into the solution and thereby causes less pre-stress 
on the collagen fiber which results in lower elasticity. Conversely, collagen fibers 
are stretched when they are exposed to a hypo-osmolal condition (see Fig. 1) [6, 7].

Figure 1. Cartilage response to medium osmolality.

We discovered four distinct regions/peaks on the histogram of the measured 
nanomechanical properties of both human (chapter 5) and rat (chapter 9) articular 
cartilage with the aid of finite Guassian mixture model [8]. Comparing the peaks 
with the literature [9], the nano-scale elastic modulus of the first and third peaks 
were respectively in the range of nano-mechnical properties of proteoglycans and 
collagen fibers. However, this was not proved and stiffness allocations were simply 
based on the assumption that lower nano-stiffness peak is related to the PGs and 
stiffer nano-stiffness is related to collagen fibers where a bimodal distribution over 
the cartilage stiffness histogram was used [9]. Using both factors – medium tonicity 
and levels of disease severity (mild OA vs. severe OA) – helped us interpret the 
histogram of nano-scale elastic modulus obtained by IT-AFM. Among different 
peaks, we could discern that the third one is associated with the nano-scale elastic 
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modulus of collagen fibers. This reasoning is supported by behavior of both 
OA samples in hyper- and isotonic conditions. First, comparing the third peaks 
between mild and severe OA specimens shows that mild OA has higher nano-
scale elasticity. Second, elastic modulus of the third peak in hypertonic medium 
decreased as compared to the isotonic solution indicating less osmotic pressure in 
the shrunk collagen network in mild OA specimens, whereas severe OA samples 
did not respond to osmotic changes most probably due to severe collagen damage 
in these samples. 

In addition, we detected a local increase in nano-scale elastic modulus of the 
first peak in hypertonic solution as compared to isotonic solution probably due to 
water redistribution as well as physical interactions induced by increased positive 
ions of the environment in the presence of negatively charged glycosaminoglycans 
(GAGs) and its fragments [10, 11]. However, we could not prove that the first region 
(softest one) belongs to GAGs. 

Another undiscovered phase is related to the narrow region of pericellular 
matrix (PCM). This is due to the fact that there is also a chance of encountering 
indentations for which the read-out is primarily the mechanical properties of the 
PCM and not those of the extracellular matrix (ECM). The elastic modulus of the 
PCM of chondrocytes is significantly lower than that of the ECM of cartilage due 
to the specific biochemical and biomechanical characteristics of the PCM [12, 13].

Considering the high site-dependent variations in articular cartilage micro-
stiffness (chapter 5), in chapter 6, we decided to further investigate the micro-
scale elasticity of articular cartilage and define a reproducible micro-indentation 
protocol. We found that cartilage elasticity as determined from indentation tests 
is highly dependent on indentation and indenter characteristics. Most importantly 
the cartilage stiffness has a very high spatial variability [14, 15], necessitating a 
large number of indentation tests to provide a representative characteristic of the 
mechanical response of cartilage under investigation. When the goal is to detect 
changes in the mechanical behavior of cartilage that are much greater in magnitude 
than those caused by the topographical variations present in cartilage, the spatial 
variation does not have a significant influence on the outcome. Examples include 
variations caused by the depletion of proteoglycans, non-enzymatic glycation 
crosslinks and frequency-dependent mechanics of articular cartilage [16-19]. 
However, intrinsic spatial distribution can be highly influential when the subtle 
differences are targeted. 

The non-uniform structure of articular cartilage is caused by several factors 
including diverse orientation and content of the collagen fibers and PGs over 
the tissue depth, collagens/PGs ratio, distinct and specific type and level of the 
mechanical loading depending on the anatomy, and the geometric variation in the 
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medial and lateral components of the knee joint and the rat’s age [15, 20, 21]. The 
above mentioned parameters can cause such considerable intra-individual cartilage 
stiffness differences (~20-fold). The obtained result showed that measured cartilage 
stiffness depends considerably on both indentation depth and effective contact area 
and only a large number of micro-indentations can provide a true representation 
of the cartilage mechanical properties.  In line with these findings, with a larger 
contact area and higher indentation depth, fewer indentations are required.

In chapter 4, we measured the nano-scale mechanical properties of copolymeric 
microspheres designed for osteoarthritis treatment in both dry and swollen states 
using IT-AFM. Their nano-stiffness values were in the range of the mechanical 
properties of cartilage surface layer which represents well integration with the 
adjacent tissue. 

Intensity-dependent physical forces: Initiating cause of pre-osteoarthritis

Despite the degenerative nature of osteoarthritis, early diagnosis of a so-called 
pre-osteoarthritis - prior to the onset of irreversible degradations – may enable 
treatment or modification of its progression [22]. Therefore, detection of early stage 
OA has become very important nowadays. Among various risk factors, excessive 
mechanical loading has been recognized to be involved in OA [23]. The response of 
cartilage and bone to loading reflects the mechanosensitivity of both tissues [24-26]. 

The GAG levels in cartilage tissue are the result of an adaptive process involving 
the matrix and chondrocytes where healthy cartilage requires a continuous level 
of (physiological) loading to keep the cartilage matrix at appropriate mechanical 
conditions [27]. Mechanical loading leads to enzymatic GAG breakdown and 
subsequent chondrocytes GAG synthesis; thereby the mechanical stimuli can either 
lead to cartilage damage, or make the cartilage stiffer and stronger as long as the 
load does not damage the collagen fibrils [26-29]. In previous studies [30, 31], GAG 
loss was shown as a consequence of 6 weeks of one hour per day at an average 
speed of 1.12 km/h running protocol (constant running regime) in rat models. The 
general hypothesis in chapter 7 is that a pre-training protocol should improve the 
mechanical properties of cartilage by modulating the GAG content such that the 
constant running protocol will no longer be harmful. For this purpose, we applied 
treadmill-running exercise in rats. Three groups were designed: an adaptive running 
group that runs for 8 weeks in daily sessions of gradually increasing running up to 
1.12 km per hour followed by 6 weeks of one hour per day at 1.12 km/h (constant 
running regime); a non-adaptive (constant) running group that has rest for 8 weeks 
followed by 6 weeks of constant running regime; and a control group without 
running. We performed several assays to elucidate the diminutive initial changes in 
the involved tissues at different time intervals at 8, 14 and 20 weeks.
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Gradual increased running up to a moderate level to 1.12 km/h for one hour 
(before the start of constant running regime) enhances aggrecan expression, 
reduces catabolic enzymatic activity of MMP-2 as well as increases subchondral 
and trabecular bone density in the epiphysis area and leads to hypercellularity and 
hypertrophy of the chondrocytes. 

The effect of a subsequent constant running regime was then evaluated. Perhaps 
the most important observation - regarding the degenerative aspect - was changes 
in the articular cartilage on histological evaluation. Both running groups (constant 
and adaptive) showed superficial GAG loss, chondrocyte proliferation, colony 
formation and chondrcytes hypertrophy across the cartilage zones, and more HSP70 
expression as compared to the control group. The observed variations were more 
pronounced in the adaptive running group especially at endpoint (after the 6 weeks 
rest) where Safranin-O stained histological sections revealed a significant variation 
between adaptive running and control groups. We also observed the lowest stiffness 
in the adaptive group at both intermediate and final time points. 

MicroCT data showed that, after 6 weeks of constant running, the thickness 
of both subchondral bone tibia plateau and trabecular bone for both running 
groups decreased in the load bearing region of the medial knee joint (epiphysis) as 
compared to the control (non-running) group. This is opposite of the cortical bone 
further away from the joint that slightly increased; thereby providing evidence that 
the subchondral bone damages are not just only load related.  At endpoint, for the 
running groups the differences between running animals and control disappeared 
for the most part. Despite reduced thickness in epiphysis area, adaptive running 
group possessed higher subchondral bone mass – lower porosity - as compared to 
the control which reflects that initial light physical exercise - in adaptive running 
regime - protected bone loss caused by constant running regime. 

Therefore, another clear observation in the results of this study is the fact that 
biomechanically induced pre-OA manifests profoundly in bone turnover indicating 
that bone tissue seems quite sensitive to physical forces. However, besides none 
of the bone morphological parameters measured outside the joint region showed 
any significant difference between any of the involved groups, their small and non-
significant variations were different from the epiphyseal regions which points out 
that the changes in bone remodeling are specific for the joint region. Moreover, it 
may reflect the interaction of subchondral bone with the cartilage at cartilage-bone 
interface as an indicator of pre-OA development [32]. 

In summary, we investigated how bone morphological changes and cartilage 
responses within the joint region contribute to a premature stage of OA. As a result 
of loading that could be considered excessive for these rats, bone adaptation occurs 
that seems to lead to abnormal stress stimuli in the chondrocytes, kicking them 
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to proliferation and hypertrophy [33, 34]. Furthermore, bone and cartilage behave 
differently in biomechanically induced pre-OA. Whereas cartilage tissue changes 
appeared not to recover from adaptive running exercise, the subchondral bone 
normalized at endpoint. In fact, overloading by running exercise can induce a mild 
or pre-OA status in the knee joint of the rats. 

Compared to previous finding of early degeneration in articular cartilage by 
constant running protocol [30, 31, 35], we detected milder detrimental changes in 
cartilage tissue of the knee joint in both running groups. Moreover, in contrast to 
our hypothesis, (initial) cartilage degradation was even more pronounced for the 
adaptive running group as compared to the constant running group. 

In this study, we have been limited to a constant time of different running 
regimes while it is also important to investigate longer training step or more 
extensive constant running regime in uphill and downhill manners, which can apply 
different amount of forces in different directions in the knee joint. Furthermore, Wei 
et al., [36] discovered that DBA/1 mice on a high fat diet with higher body weight 
can even accelerate cartilage repair. The animals that used in our study gained more 
weight compared with the previous experiment [37]. Therefore, using a restricted 
diet instead of ad libitum feeding in order to limit the weight gain in rats can be 
suggested. 

AGEs-susceptibility of cartilage meshwork depends on their mechanical 
status

Osteoarthritis has been widely described as an age-related disease [38]. Aging is 
associated with high amount of advanced glycation end products, which result 
in significant increase in the cross-linking density accompanied by an increase in 
cartilage stiffness [39, 40]. This corresponds with our findings reported in chapter 
8 on horse cartilage and chapter 9 on rat cartilage as a result of L-threose-induced 
advanced glycation. When the collagen fibrils are influenced by non-enzymatic 
glycation, their expansion capacity will decrease and the functioning of the 
cartilage is compromised. Hence, under the stiffened conditions, chondrocytes 
sense less deformation and produce less PGs, which might describe the reduced 
tissue turnover (PGs) with non-enzymatic glycation (Fig. 2) [41, 42].  

It is hypothesized that living tissues obtain an optimal collagen orientation in the 
direction of mechanical strain. Ruberti’s group showed that non-stretched collagen 
fibers (due to lower GAG content), are more susceptible to enzymatic cleavage, while 
in their fully stretched configuration, they behave differently and seem to become 
protected [5, 43]. In the study presented in chapter 8, we took osmotic strength as 
a factor to establish changes in the stretching conditions of collagen fibers (see Fig. 
1) and investigated their susceptibility to non-enzymatic cross-linking. Our result, 
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combined with the data from others [5, 43], led to the 
conclusion that osmotic loading alters the conformation of 
collagen fibers where stretched collagens in hypo-osmolal 
solution were significantly less affected by AGEs-induced 
cross-linking as compared to the shrunk collagens in 
hyper-osmolal solution. Sugar-treated samples under 
hyper-osmolal condition were more influenced than all 
other conditions (hypo-, iso-osmolal) in terms of changes 
in the effective elastic modulus, surface coloring, and the 
pentosidine level. Moreover, the increased net negative 
charge caused by AGEs led to decreased penetration 
of negatively charged contrast agent (Hexabrix) where 
hyper-osmolal condition provided less penetration of 
contrast agent. Taken together, these observations indicate 
higher sensitivity of non-stretched collagens to AGEs.

According to our results in Chapter 5, we could 
discern nano-scale changes of the mechanical properties of 
cartilage components as a consequence of non-enzymatic 
glycation (chapter 9). In this study we found indications 
of increased nano-scale elastic modulus of the first 
(likely related to GAGs) and third (collagen fiber) peaks 
as compared to the corresponding changes in control 
sample. In addition, the elastic modulus of two other 
detected peaks (second and forth) was less affected after 7 
days incubation with reducing sugar in comparison with 
PBS-incubated sample.

       Based on these findings and the results from others, 
it can be concluded that although AGEs yield a brittle 
structure prone to mechanical failure with diminished 
cartilage turnover, the mechanical status of collagen fibers 
can control the chemical reactions and molecular processes 
leading to formation of non-enzymatic glycation within 
their chains. Our data suggest that decreased osmolality 
could enhance survival of collagen fibers in the presence 
of glycating agents. Furthermore, considering the effect 
of AGEs on the micro- and nano-scale elastic modulus 
of the rat knee joint, implies that they may be beneficial 
for decelerating articular cartilage degradation which is 
similar with finding from DeGroot et al. [44] where AGE-
ed samples became more protected from MMPs.
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Limitations and Future research

The work of this thesis started with the aim to study cartilage mechanics and how 
this adapts to physiological (over) loading. In order to study this, we needed to 
define reproducible micro- and nano-indentation experiments for measuring the 
elastic behaviour of cartilage.

Although we performed a comprehensive study on interpretation of data 
obtained from IT-AFM, considering its potential advantages in cartilage nano-
mechanics, investigation can be further followed. For instance, experimental studies 
are required to clearly distinguish the role of PGs, PCM as well as fragmented GAG 
products – mostly in osteoarthritis cartilage - over the cartilage stiffness histogram. 
To support the association of a discovered peak with PGs, cartilage tissue can be 
treated with aggrecanases with the ability to digest cartilage PGs.

Another interesting subject is to discover the scale-dependent physical and 
mechanical properties across the different cartilage zones. Since, micro- and nano-
indentations are limited in terms of the indentation depth [45] – towards the deeper 
layer - , one could perform measurement on the slices obtained from different 
cartilage layers which can be made using cryosectioning. Lacking information 
of depth-dependent mechanical properties, is more important for larger species 
(chapter 5, 8) in which the cartilage thickness is much greater that the indented 
layer.

Importantly, since osteoarthritis is a multi-factorial disorder affecting all adjacent 
tissues, in vivo investigation of the complex interactions between the various tissues 
could be an appropriate strategy. Using different combinations of running protocols 
(mechanical stimuli) with interventions that alter collagen properties (cross-linking 
induction), we can find out how articular cartilage feels deformation. Furthermore, 
in the animal experiment described in this thesis, we measured impact of running 
over a period of 6-14 weeks, while it will be valuable to seek its short-term effects – 
immediately after the exercise or shortly thereafter - using gene expression analysis 
in chondrocytes. It is, therefore, possible to follow the short-term consequences of 
exercise on the genes involved in anabolic (aggrecan, type II collagen) and catabolic 
(ADAMTSs and MMPs) changes in cartilage [46, 47]. The hypothesis can be further 
explored through measuring interleukin-6 (IL-6), which is known to be affected 
by exercise in both circulation system and skeletal muscle. It has been shown that 
muscle contractions can induce local IL-6 production [48, 49]. Short-term studies 
allow to evaluate exercise either as a therapeutic approach or as a cause of cartilage 
damage by discovering the threshold where beneficial influences convert to 
detrimental impacts.
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As a closing note, it is worth mentioning that the work presented in this 
dissertation demonstrated the complexity of cartilage indentation tests and has 
principally addressed several issues enabling to accurately determine the micro- 
and nano-scale mechanical properties of cartilage tissue. Based on the findings in 
this thesis we believe that mechanical loading can significantly influence both bone 
remodeling and cartilage adaptation in the current work (chapter 7) and we could 
show how both tissues deal with overloading and how this affects pre-osteoarthritis 
development. We hope that the findings in this thesis together with comprehensive 
future research will help to identify different initiating causes of OA, lead to more 
knowledge on the consequences of activity levels on cartilage re- and degeneration, 
and improve exercise protocols which can be further extrapolated human application 
with respect to diagnosis and control of disease progression. 
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Artrose is een ernstige aandoening van het gewricht die zich voornamelijk 
kenmerkt door degeneratie van het kraakbeen. De biomechanische en biofysische 
functie van gewrichtskraakbeen zijn onlosmakelijk verbonden met de chemische 
samenstelling en structuur van de matrixeiwitten. Een beter inzicht in de relatie 
tussen de mechanische en structurele componenten van kraakbeen, tijdens de groei 
en ontwikkeling en de veroudering van het weefsel is van groot belang voor het 
verbeteren van de diagnostiek en therapie van artrose.

Dit proefschrift heeft als doel om gedetailleerde kennis te verkrijgen van mechano-
biologische concepten die bijdragen aan de degeneratie gewrichtskraakbeen, 
zoals deze zich voordoet bij overbelasting en veroudering. Voor het toetsen van 
onze algemene hypothese hebben we een set van experimentele biomechanische 
gereedschappen gebruikt waarmee het kraakbeen op verschillende spatiële niveaus 
onderzocht kan worden. We hebben getracht de mechanische bijdrage te bepalen 
van de belangrijkste componenten in de matrix van het kraakbeen; de collageen 
vezels en proteoglycanen. Dit is met name onderzocht in de bovenste laag van het 
kraakbeen, omdat we vermoeden dat daar de artrose-gerelateerde biomechanische 
afwijkingen als eerste beginnen. We onderzochten het effect van mechanische 
belasting op het kraakbeen en bot in de knieën van ratten,  op zowel cel- als weefsel 
niveau. Vervolgens analyseerden we bij kraakbeen van paarden en ratten de 
mechanische effecten van kunstmatig opgewekte glycosylering, een verandering 
die normaal optreedt bij veroudering.

In dit proefschrift wordt eerst een uitgebreid overzicht gegeven van de fysieke 
en mechanische eigenschappen van gewrichtskraakbeen, gericht op de verschillen 
tussen normaal en artrotisch kraakbeen (Hoofdstuk 2). (Hoofdstuk 3) is vooral 
gericht op de elastische respons van zachte weefsels in het algemeen. De elasticiteit 
van kraakbeen kan zonder deze indentatiemethoden niet exact worden bepaald. 
We gaan in op alle theoretische concepten die nodig zijn voor de interpretatie van 
de verkregen kracht-verplaatsings data.

Ten tweede worden de mechanische analyses beschreven van diverse 
indentatie methoden van atoomkrachtmicroscopie (Atomic Force Microscopy) op 
een schaal van enkele nanmeters tot indentatie op weefselniveau  op een schaal 
van 100 micrometer. Tezamen kunnen deze technieken inzicht geven in de bijdrage 
van individuele componenten aan de mechanische eigenschappen van kraakbeen. 
Daarnaast vertoont het kraakbeennetwerk een hoge mate van organisatie en 
ruimtelijke variabiliteit waarbij de locatie-specifieke mechanische eigenschappen 
afhankelijk zijn van het soort indentatie en het type indentor. Het is van belang om 
kraakbeen-specifieke protocollen te ontwikkelen voor mechanische analyses zodat 
over de mechanische eigenschappen van kraakbeen op micro- en nanoschaal met 
grote betrouwbaarheid data kan worden verkregen, op verschillende anatomische 
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locaties en onder verschillende experimentele condities (Hoofdstukken 4-6).

Ten derde introduceren we in Hoofstuk 7 verschillende bewegingssprotocollen 
bij ratten om te bepalen hoe, en in welke mate, mechanische belasting invloed heeft 
op de homeostase in kraakbeen en bot. Het aangepaste bewegingsprotocol dat is 
toegepast bij ratten is een combinatie van een beginfase met langzaam opgebouwde 
training en een vervolgfase met een vast loop programma dat resulteerde in milde 
kraakbeendegeneratie. Dit werd voornamelijk gekenmerkt door een verlies van 
proteoglycanen uit de bovenste kraakbeenlaag en een significante toename in 
de proliferatie, hypertrofie en clustering van kraakbeencellen (chondrocyten) 
in verschillende kraakbeenlagen. Bovendien bewezen onze resultaten dat de 
aanpassing van bot aan mechanische belasting een dynamisch proces is waarbij het 
bot continu reageert op krachten met mechanotransductie en activatie van cellen.

Tot slot onderzochten we in Hoofdstuk 8 en 9 de effecten van niet-enzymatische 
glycatie als potentiele oorzaak van kraakbeendegeneratie. Hiertoe induceerden 
we ex vivo de accumulatie van voortgeschreden versuikeringseindproducten 
(advanced glycation end products, in de literatuur veelal afgekort als AGEs). 
Indentatie experimenten op micro- en nanoschaal toonden aan dat door de 
toegenomen AGEs in het kraakbeen de gemiddelde stijfheid toenam. Verhoogde 
stijfheid van kraakbeen is geassocieerd met toegenomen verbindingsdichtheid 
(crosslinks) tussen de collageenvezels. Maar collageen vezels bleken niet de enige 
kraakbeencomponent te zijn die wordt beïnvloed door niet-enzymatische glycatie. 
Dit inzicht geeft echter geen verheldering over de aard van de effecten van AGEs, die 
zowel positief als negatief kunnen zijn. Wel toonden we aan dat door manipulatie 
van de pre-stress in collageenvezels met osmotische druk de efficiëntie waarmee 
AGEs de verbindingsdichtheid vergroten gestuurd kan worden.
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